FOREWORD

In helf a centufy, weldihg hes
sv01Ved from qhop repalr thlough engineoring

method te scientific technology...Today,

'simple and highly-developed formS'of welding

.exist>side by éide, 80 that a bewilderiné pié-

ture must be presented to the non-~specialist.

The historical epproach may help to

bring perspective to the plcture. A,bétter'

‘understanding is to be desired to create‘Suéh

é condition in education and research that
welding may flourish in these flelds. Students

and teachers are required, famillar with'its

"'disciplines. Almost everything made of metal,
from ships to satellites, must have welded

.pafts, and the technlques must be: controlled
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A BRIEF HISTORY OF WELDING TECHNOLOGY -

by
K. Winterton*

"~ ABSTRACT

The history of welding, Including the auxlllary
methods of soldering and brazing, has been traced from
tts beginning in the Bronze and lron Ages to modern times.
& simplé, chronological treatment has been used:

Joining methods in early cultures (Period 5000 B.C.~ . .
1200 A.D.).

The dawn of sclence and technology (Period 1700 A.D,~
1875 A.D.).

The appearance of the major welding processes (Period

. 1877-1903) . o ‘
Welding primarily as a repair method (Period 1903-1918).
Welding for construction and fabricetion (Period
1919-1951). - .

Welding as a sclentific technology (Today).

In the first section of the repori, dealing with
early history, other joining methods such as rivetting are
briefly discussed for comparison with welding. In later
sectlong, these other methods are omitted.,

The last four periods permit a more uniform
treatment of the subgect matter under the sub-titles (a)
resistance welding, (b) arc welding and cutting, (c) gas
welding and cutting, and (d) other methods. '

In the early part of the twentleth century,
welding became known as a useful repalr method, and the
subsequent history involves an account of a gradual relesase
from this hampering designation. An attempt 1s made in the
last section to show how welding has become a fully-fledged
technology, but the review of present-day welding that this
entalls has been made indicative rather than complete,
because adequate accounts are avallable elsewhere.

e

3 A . - .

Head, Welding Section, Physical Metallurgy Division, Mines

granch, Department of Mines and Technical Surveys, Ottawa,
anada. '
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" BREF HISTORIQUE DE LA TECHNOLOGIE DE LA SOUDURE
| . par

K. Wintertoﬁ*

~ -

RE :UME
, I'histoire de la souduro, v inclus colle des procéaéb
apparentes de brasage au culvre ou & l'argent et . Go. brasage 8
1iétain, a €te retracee depuls ses origines aux 8zes de bronze
ot de fer jusqu'd .nos Jours., On. 8 eu recours ‘a . une division
chronologique simple'

Procedes d'assemblaga utilises par 1es civilisationﬁ an-
ciennes (période comprise entre 5,000 ans av. J.~C. et
Jtan 1200 ap, J.=-C.

surore de la sclence et de la technologie {période com-
prise entre l'en 1700 et l'an 1876).

Apparition des principaux procédds. de soudure (1877- 1905)

Soudu§e utiliség avant tout pour fins de reparation (1903-
1918).

‘Soudure utilisée a des fins de conetruntion ot de faconnage
(1912-1951). .

Soudure envisagée en tant que technologlie scientifique
(période actuelle). , ,

“La premiére partie du present rapport, qul traite de
lthistoire anclenne, contient une breve étude: d'autres prooedea
d'assemblage tels que le rivetage, pour fins 8e. comparaison
svec la soudure. Les sections qubsequentes du rapport ne:
mentionnent pas ces autres procédss. ,

Les, quatre dernieres per*odes permeitent de traiter
plus uniformément la question a 1'dtude dans le cadre des
sous-titres sulvants: (a) soudure par résistence, (b) soudure

-

ot coupage & l'arc, (c) soudure et coupage au gez, et (a)

~

autres procedes.

Au debut du vingtieme siecle, la soudure a pris de
1tlmportancee comme technique utile de réparation, et le reste
du rapport mentionne de quelle fagon la soudure s'est graduelle-
- mont debarasséb de cette designation regstrictive. Dans 1la der-
nlore partie, l'auteur tente de demontrer comment la soudure
~est devenue une wéritable technologie, mais 1'examen de la
- 8ltuatlon actuelle de la soudure est presente de fagon plutot
go?maize, dtant donne qu'il existe allleurs des exposds satis-
alzants.

*Ch@f ‘Section ds 1la soudure, Division de la metallurgie
physiqua, Direction des mines, ministdre des Mines et des
Releves techniques, Ottawa, Canada.
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INTRODUCTION

Much ingenuity has been exerclsed recently in
defining welding terms. The task has been made more
difficult by the variety and complexity of processes now
available. in this report, the word "welding" chunges in
meaning when 1t is used to describe the Joining methods
of different periods. At fifst, any kind of Join was
acceptable, and later, more and more demands were made
of the physical, chemical and mechanical properties of
the,Joint as a whole. ’

The simple chronological system that has been
followed preserves a narrative style.fdr those who majv‘
wish to fead the complete report. The pgriod-from 5000
B.C., to the present day has been divided_into six periods
of varying length, for convenlence of treatmeﬁt,»eacn
successive period representing an obvious step forward in
technical progress. Following the introduction of the
major welding proceéses in the period 1877-1903, it 1is
possible to follow the modification of any parpiculer
process by reference to the classification, (a) resist-
ance welding, (b) arc welding and cutting, (c) gas weld-
ing and cutting and (d) other methods, that has been used

for all the later periods.



JOINING METHODS IN EARLY CULTURES

| Mechanical methods of joining were probably used
before metals were discovered. For example, buttons may
have been used to join the clqthes worn in Palaeolithic.
times.‘ Stone hammers and flint axe—heads were JOlned to ”

cleft sticks or wooden handles by lashlng.

Adhesives may have been used occasionally to
supplement mechanieal methods. Modern'primitives‘provide
examples. An Eskimo dagger has been described(1) that was
made wdth a blade of Jasper joined to a wooden handleﬂ
with bitumen. A stone axe from North Auetraliaﬁhad been
made w1th a stone axe-head in 8- bent withy, lashed to
provide 8 handle, gum had been used to help secure the
stone in poeition$1) No doubt expedlents of this kind
were used in Palaeolithic and Neolithic times, with materials
locally'available. A kind of - enamel called niello. con~
sisting of metal- sulphldes melted together, was useéd by
the, Egyptians and by ‘the Mycenaeans as early as 1600 B.C.,(1)
for inlay work on metal objects.; Niello was very w1dely
"~ used in many lands‘from this time‘untll the Middle Ages

for the'eame’purpose.

It is 1likely that, after metals begam to be dis-

~covered, a long timp’was required for experimep; before




new techniques were evolved anpropriate for the new
materials; joining techniques would offer no exception.
The unusual appearsnce of metals suggested magical and
decorative uses, to which they were at rirst confined by
scarcity. Laﬁér the production of valusble ornamenté;
.implemenis and cefémdnial objects, together with the
increasing complexity ofndecoratidn, led to now j;ining
methods more appropriate for metals, némely cold-pressure
welding, rivetting, and brazing. Probablyv%hese three
methods were all practised by about 3000 B%é(§~ﬁ&§ﬁgh it
is impossible to be sure of the order in which théy

appesred or the extent to which each wasvﬁsed%‘

Nativé copper and gold are supposed to have been
noticed and coilected from about 5000 B.Cs:oﬁwards. The
discovery of mallesbility and the production of simple
shapes such &s discs, plates, bowls, rings and amulets
followed slowly. 'Dcéasionally when hammering gold parts
tdgether; for example to form a fing or amulet, a»true

cold-pressure weld may have resulted. It has been sug-

gested‘that the Egyptians made copper pipe around 5500 B.C.,

by hammering the overlapping sheet edges together.(z)
Meodern writers speculate freely about the joining of metals
by hammer ing, though some of them may not be écquainted

with the difficulty of Joining metals in this way.(*D




Gold‘wouldicertainly be easler to join thanfcopper, because
its surfaces are not coated with en oxlde skin ae are those’
of copper.(1) It hes been said that by. about 3000 BeCo
the Egyptiane coated objects with 81lver or gold by
haemmering foil onto the surfacee.(B) ‘When. the object was
made of copper, soine bonding wou.ld occur, and to the extent
that thie,wae deliberate; the practiceﬁprovides an eagly
example of cold-preseure welding; It-is not easy to £ind
good examples from theee,&ery’early times of delibebate
~Joining b& hammering‘or preesure-that would merit the
neme of welding by modern definitioa.‘ At a much later
date, perhaps about 1000 B.C,, thefe’ie an example of a
gold'dbjeot produced in sheet metal by an Irish gold~
emith,in,the early Ibon.Age, where the sheet eédges were
overlepped and joined by "burnishing" to produce an
excellentzlap weld.(1) However, this was not repreeehr
tative of 8 general. technioue, because the Irish gold-
smiths at about this time normally joined the sheet edges

by folding or by sewing them together with wire.(1)

' RiVetting,'like coldepressure welding, may also
have been used to join wrougbt metals before'there wes
any knowledge of melting. Unlike cold~pressure welding,
rivettlng cannot have originated accidentally. Ite

invention required original abstract thought, Its use




leaves no.doubt ebout the intention of joining. An eerly
example is provided by a rivetted copper vessel from .Ur,
Mesopotemia, which is belisved to have been made before
2500 B.C.(1) There are many examples from the Bronze
Age of rivetted swords, daggers and halberds.' Rivetting
was used for an incréasing variety of objects as, time went
on, and, like welding, rivetting is still widely used
todsy. However, because of its simplicity and inherent
limitations, rivetting has shown a far less .complex

development.than weldinge.

' Brazing®* may have been developed not long after
the discovery of melting. Melting, the smelting of simple
copper ores,>and casting are all believed to have beén
discovered during the period L000-3000 B.C.(ﬁ) It has
been suggested(1) that, somewhere in the Near East, a
gold worker, melting gold nuggets from varlous sources,
noticed that the metal from.one particular source melted
earlier, because of a greater impurity content, and fused
together the other solid pieces. Without knowing the
reason for this behaviour, this worker may have set the

speclal gold on one side to. be used for brazing purposese.

*Brazing_is a modern term, derived from brass, used to
‘describe joining with an slloy (or metal), of high
strength and fairly high welting point, that melts at

a lower temperature than the metal to be Jolned.




- Later, deliberate alloying:was used to achievelthe same
results. A copper panel from Im-Dugud in Mesopotamia
(Pigure 1)-has.§eparate,parts joined to the mein penel by
' brazing, énd,iéﬁbelieved,toipave.beeh made before. .
3000 B.G.{1)  In 2500 B.C., brezing was known in Ur, .

: Mesopotmnia;(1) and fromxthe'same period there is an
exmnple'of its use in Egypt fbom the tomb of Queen Metep—
hires, Dynesty IV, the canopy for which wes arrenged on
copper poles fixed into sockets by brazing. ( )

Brezing ,wes also used for works of artvdecorated by
granulation aﬁd filigree. These arts entailed handling
innumerable tiny wires and granules and fixing these into
" place 1nd1vidually by brazing. Typical is a gold dagger
sheath and cosmetic cese from Ur, Mesopotamia, believed
to have been made before 2500 B. C.(1> _Many similar

examples are extante.

Flow welding,.called in the foundry‘"burning-on“,
wes also probably known in ancient times. Thie consisgts
in casting molten metal 1n contiguity with a previously
made casting to make an addition to 1it, or between com—
ponent castings to join tnem, or into eracks or holes in
a casting to effect a repeir. Sometimes<a subslidlary
lmould may be necessary to hold énd shepe the additional metale

For a Greek statue made in 500 B. C. the technligque was used |




to fasten to the head separately-cast pieces representing
locks of hair.(1) However, it seems likely that flow
welding wés known and used much earlier. The picture is
obscure, and it is difficult to dissociate the technique
as a branch of welding from techniques that belong, rather,

to the foundry.

In illustration of the difficulties of'precise
classification, mention may be made of a battleaxe from
Rag'Shamra,in Syria, consisting of an iron blade with a
copper socket made about 1300 B.Q.(1) ThéAsocket had
been casf onto the blade, but the joint relied on the.

- mechanical locking provided by contraction rather than

(1)

on true weldinge.

Forge welding, or the Jjoining of iron par;s by
hammering while hot, must date from about 1400 B.Ce., when
iron began to be more extensively used. There is con~
siderable scope for speculation,:because meteoric iron was
known from about LO0O B.C.‘onwards,(1) and iron ores may
have been occasionally smeited from abou@ 3000 B.C.
onwards. (1) on the other hand, there is evidence that
iron was vélpable because of its égarcity before about
1400 B.C.,{1) ana wes treated as a metal difficult to
form énd unsuitable for praétical use. It seems réaéonable
to take as a turning point the extensive iron smelting

and forging by the Chalybes people, subjects of the



Hittite kings, in the period 1400 to 1200 B.c.(1)  an
-earlydexample'of”forge~Welded:ironﬁork is;tﬁefuncomfofé
table—looking iron head-rest of Tutankhamen,made about
1350 B.C.(1) ‘ It is - thought that this~ may have been a
gift from a Syrian ruler, because ironworking 4in: Syria'
"was morse advanced than in|Egypt at thlB time.(1> The
technique of forge welding has been used for a great
variety of purposes. Figure 2 shows some forge—welded»

Iron Age fire—dogs found in Cambridgeshire.

 There is the somewhat brash claim that the welding

of 1non,'"Kollesis", was invented by a Greek, Glaukos of
V‘Chios, in the period 700-600 B.C.,( ) but, though this
';"discovery" may have-heralded a.more . extensive usage,
there is little doubt that forge welding must have been

used many times and many centuries earlier._

| It is possible, though unlikely, that soldering ‘
was used before,1u00 BeCe Soft soldering* connotes the
joining'ofAmetals with a metal alloy of low melting point.
Tin is the most;effective,endualmost essenpial.ingfedient‘

of solder,:andzwas_notuaveilable in‘Quanpity before about

xWithout further qualification, the term. "soldering"

* should. be taken to mean soft soldering as here defined.
The nomenclature is obscured by the use of terms such
as "silver solder" and "hard solder™ for elloys used in
brazing.




1400 B.C.,<1) when tin ores were smelted to make tin directly.
(Before this time, bronzes were made indirectly by heating
copper in contact with tin ores and reducing agents. (1))

No very clsar and precise distinction exists between soldering
and brazing. Although these two processes may be distinguished,
many writers on excavation and anéient history have“failed

to do so. The ancients, for their part, may have attempted

to use many kinds of metal combinations for joining. The
special qualities of tin for this purpose would quite likely
soon become known after it became.available in quantity,
perhaps when attempts weré made to make bronze directly from

its cémponent metals.

The Romans were acquainted with several aspects of

welding, but did not introduce any new methods.

The Roman smiths practised the "steeling of blades",
that is, the forge welding of steel edges onto the iron body
of the blade,

Lead pipes were used in Roman plumbing, and often
required joining. Onejexample of joinﬁed pipés is in the
museum in Bath, England, and shows ™) two distinct passes,
' 80 that the structure in cross-section reséﬁﬁles that of
a multi-run weld. The lead was poured molten into the
Joint,(5) so that the technlque should be classed as flow

welding.
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- Brazing was familiar to the Romans... One example
is provided by the mention of an iron ring brazed with,

.,copper;(s)'

'Special furnaces were introduced in Roman timesv
forlyhe.éggiomeration of small ingots from the smelting
furnace in order to make‘large blooms for forging.(6)

This process 1nvolves welding in the wlde sense, though not
; in the sense of Joining finished parts.

In India, huge composite blooms were made by
rorge welding. The famous Delhi pillar (310 A.D4),
twenty—four!feet 1ong and s1xteen inches in dismeter
(Figure 3), has been shown to have been made from many

separate blooms, each weighlng-about elghty pounds.(7)

The less-well-known pillar of Dhar (324 A.D.) was larger,
being fort&-twovféet in‘length.(7) At about the same
tinme, other large 1ron objects were made in a similar way,
including a large iron girder at Puri, iron gates at

Somnali, and a pillar twenty-~£our feet long at Miniri. (7)

In England, in the Anglo-Saxon period (u1o-1o66 A.D.)
sma11 tools were rivetted and frequently decorated with
inlay.( ) Pillng of blooms was practlsed, and 1n fact
the blooms were so small that several might be requlred to -

forge a single axe-head (6)
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Suf'ficient literature remains to show that, in
Europe in the Dark Ages, the earlier techniques were not
forgotten, but were, rather, extended and refined. The monk
Theophilus, describing arts and practices in church—building,
gives details of eoldering techniques used -for ecclesias-
tical plate,. (7) He salso describes smelting, refining,
hammering, cesting, wire-drawing gnd gilding, as practised
in the period 1000~1200 A.D.(T)
(6)

The Normans made extensive use of the draw-plute,
then available for making wire for the manufacture of

chain mail, grilles for'shrinés, and mesh for the rein—

_forcement of wooden gates. (6 )_ J01nts in wire mesh or mail

were made by clipping, rivetting or welding. The smith

was a master not only of the forging bffirén but alsvof
forge welding. It is known that William the Norman took
with him many smiths(B) in the-war'reéulting in the English
conquest. HEven in England, the smith waé'ap officer of

the highest Pank.(T) The Norman victory was madg possible
(7)

because of more and better arms.
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‘THE DAWN OF SCIENCE AND TECHNOLOGY
PERIOD 1700 A.De = 1875 AdDs
‘In‘1724j* a man namédZDesaguilluSvgave an account
to the Royal Socliety of ﬁSom@ﬁexperimeﬁtsﬁcbncérﬁing=lédd"
which 1s remarkable as an-early study of cold-pressure
welding and also for:ite quaptitetive eppboach.'wﬂiq_ownv

record (see Rolla30n(9)) states:

"Having, on Thureday 29th April last, made.
mention of some experiments--—--by Mr. Trievall
at Newcastle'and~Edinburgh, I made the'following
experiment to the same purpose befors the Royal
Society.

I took the leaden balls—-—-the first welghing
1 pound, and the other 2 pounds, and fPOm each |
cut off a segment of about 3/l inch in‘diameter,d
I pressed them together with my hand with'a Tittle
twist-——---=. The balls stuck together-—-=though
loaded with scale and welghts ~~~~~ -amounted to 16
pounds. = A 1ittle more weignt separated th e ———m
viewing the touching surfaces it appeared that
they did not exceed a circle of 1/12 inech diameter
| e e . The experlment was repeated several
times and the cohesion of the balls was different
every time."

~ (With a circular contact area of 1/12 inch dia-
meter, and a load of 16 pounds, the strength of the weld

is 2,930 pounds per square ineh, )

*¥From this point onwards, the letters A.D. are omitted from
the year de51gnations.-




In 1800, Humphrey Davy provided a foundation for
modern welding with two diﬁcoveries that were.later to
lead to two methods o1 producing intense local heatinge.
The first of these was the discovery of acetylene(1o) and
the second was the production of an arc between carbon

points when experimenting with Volta's battery.(7) In 1802,

(10) It was

V. V. Petrov also made a étudy of the arc.
because of its possibilitiés for illumination, rather than
its possibilities for melting, that Davy was interested in
the arc, and by 1809 he had shown that it was possible to
maintain a'high voltage arc for reasonable periodg.(z)
However, both arc-lighting and electric walding had to
awalt the development of the géuératon before they could
become practicel methods. In 1842, Wdolriéh_deviged a
magneto-electric machine, but it was expénsive.(55 An .
improved dynamo invented by Wilde in 1866(3),was followed
by the Gramme ring dyhamo in 1871, which proved to be
satisfactory for arc—lighting.(l) Arc-lightingifouha.
practical use for many years, but was overtaken bj the
carbon-filament lamp, invented first by Swan in 1878(1)
and later by Eaison.(l) 1In 1849, W. E. Stalté obtained
a pétent for welding using the electric érc.(lo) J..P;
'Joule, in 1857, also called attentlion to fhe possibility

of using electricity for joining, in a lecture entitled
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"On the fusion of metals‘by voltale electricity"”,
a3 recorded In the Memolrs of the Literary and .
Philosobhica; Soclety. of Manchester,vznd‘Series.(?)
Joule reported the sﬁpcessful,joining,of stesl to.

brass, and of iron to platinum, and the Jolning of

(2)

& bundle of iron wired, ‘It has been pointed

out that Joule was antidipated In some of his 1deas
by Lord Kelvin, then Profassor'Williamehoméon.(ll)
However, the 1dess and experimenté'of Kelvin, Staite
and Joule madé 1ittle‘impact'at the time, and the
credit for the introduction of Jolning methods fore-
seen by them 1s usuélly given to other men’who'appeared
later on the scene. 'Itvis.perhaps of interest to

note that as early as 1849 the LaGrahgehHoho‘Company | ’

used electricalmresistance\heating fér initial heating

(7)

before forging, In the manufacture of water-pails.

.  With the discévery by Davy of acetylene. -

in 1800;(10) and the discovery ofﬂoxygen independently
by Priestley in England and Scheele 1ﬁ‘Sweden in
1774,(2) the foundatioﬁ was laid for ggs weldiﬁg'and
gas cutting. -Some give o later date for Davy's d1 s-
covery of acgtylene,_but this 18 of little consequenceg

because use was not made of the new gas for waiding and -
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cutting until early in the twentieth century. As early as
1847, Robert Hare ofAPhiladelphiaisuccéssfﬁlly'uéed thé
oxy-hydrogen flame to melt 2 1b of platinum;ciz) It was

not then known that the oxy-acetylene flame is much hotter.

Another interesting discovery, that waé not to be
turned to practical use for some time, waes the violent
reaction that occurred bétween aluminum powder and metal
oxides (notably iron oxide) when heat was applied; this

wESs remarked by the Tissier Brothers in 1858.(7)

Faster rivetting was made possible in 1837 with

the introduction of a rivetting machine by Sir William

1Fairbairn.(7) It was greeted Withpalarm by the boliler-

makers, and strike agtion was suggested.(7) Metal
fasteners were becoming much lower in cost by about 1850
and in the years that followed, with the introduction of
semi~automatic manufacture.(z) Prior to this time,-bolts,_
for instanée,were usually made individually by the |

blacksmith.(z)

Various methods were suggested in this period for
making welded tube, and most of these found application
for a time. 1In 1808, Benjamin Cook was granted British

patent No. 3122 for making welded tube.!) Osborn, in
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1812,'1ntroduced hacﬁinery for welding the barrels of fire-
arms, etc.y using a method in which the eﬁeet:edgesuwere
lapped and welded (7) The first butt—welding procese
appeared in 1821, when Jamee Rueeell of ‘Wednesbury succeeded

in making butt—welded tube,ueing a mandrel and o £11t hammer.

‘Cornelius: Whltehouee was responsible for iurther development ‘

of the butt~welding procees in 1825. A7)

In the period 18&0—18&&, better‘methode of lap
welding were worked out, using a mandrel and grooved circular
rolls, (7 By the end of the period be1ng discusbed, both
lap—welded and buttnweldedAtube were being made in large
-quantitiee. In . eonnection‘with forge welding, it is aleo of
interest to note that the company of Birkenshaw~Bedlington
Ironworks, whlch produced rolled iron rails as early ae 1820,
proposed to Join lengthe of rail by welding,(7) unfortunately,

it is not recorded whether or not this waslattempted.

Flow ﬂelding was triedwin 1870, to provide steel
tires for’railroad car wheele. The heated tire ring wes
placed in a mould, and the hub and plate caet into it.(7)
In a talk by F. J. Bramwe11(13) 1n 1875 to the Royal Society
of~Arts, the method of making the tire was desoribed. One:
end of the'etfip was forked,by hammering¢t0‘fit ovef

the other end. The joint was cmmpreseed;by screw action
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while heated in a fire. Bramwell records that it was
usual practice to plece a mark near the welded joint to
show its position, as a warning to avoid drill holes or

other weaknesses in the vicinity.

In the lgst éxample, the welded Joint wag regarded
as a kind qf defect, indicating an attitude that would end
the period on a sour note for welding. To offset thils,
it may be noted that an obscure mechanic in Philadelphls,
on January 5, 1873, proposed to join whole ships by
welding.(T) He claimed to have invented machines to

accomplish this, end pointed out that great savings in

‘time and money would be possible, combined with an increase

in strength and durability of the ships.'!) This early
vision was quite striking, since the means at hand were

far short of those required for its fulfilment.

THE APPEARANCE OF THE MAJOR WELDIKG PROCESSES
PERIOD 1877 - 1903

Before 1877, the only weldlng processes known
were forge welding, flow welding and cold—preésure welding,
together with soldering and brazing, all of which had been
known for at least 3,000 years. In the comparatively short
period of 26 years between 1877 and 1903,‘the folloﬁing

major processes made their appearance (not necessarily
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in‘the,ofder given):

'Resistance Welding
4. Resistance butt welding
2: Spot welding |
-3,{Seam welding
- L4s Projection wéiding
5. Elashnbutﬁ we;ding

Arc Welding and Cuttlng

-6, Carbon~arc welding

T Plug weldlng ' - '

8. Arc cuttlngaand giefcing

9; Metal-arc wélding’(bé}é'wirg)

10. Mepél~arc WGiding (éoated’eledtfodes)

Gas Weldlng and Cutting

'11. Oxy~acety1ane welding

:12.,Oxy~acetylene and oxy-gas'éutting

Qther Methods

" 13. Thermit welding -

'Rather than to adhere to the precise order in
~ which the indiyidual,ﬁgaifications appeared, it is more

convenient to consider separately each group .of processes,
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(a) Resistence Welding

Professor Elihu Thomson is usually given the
credit for originating resistence welding. An accidental
discovery with far—reaching-consequences was made while
Thomson was giving a lecture in 1877 to the Franklin

Institute in Philadelphia. 2?11

»1l) While demonstrating
the reversibility of the transformer (sparking coil), he
connected several Leyden jars across the secondary ter-
minels, and held together the terminals of the primary
winding.(1u) The termminals stuck together and could not

be pulled apart.

Thomson was aware of a current'pndblem of dynamo
construction, in that only short 1engths.of wire were
available from the wire manufacturers.(1u) The freqﬁent
Joints made by soldering or braiing were often too thick,
so that smooth winding was difficult.(1u) .He commenced
experiments(11) and in the period 1883-1885h cénstpucted a
resistance-welding machine(?) (butt welder), for experi-

(15)

mental purposes.

For a long time Thomson displegyed very limited
vision about the possibilities of resistance welding, as
is illustrated by the fact that in lectures given by him
in 1886 and 1887 he was still talking about the butt
welding of wires for windings as belng an important_
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,application.(1j) This single possibility had - occupied his
thoughts for a period of -ten years. His first patent in
1885(16? and the_ welding ‘machine demonstrated at the_f‘ |
kgAmerican Institute Fair in 1887(2) were. both for resistance,
butt welding.’ This wes in fact less 1mportant than the }
,other resistance—welding processes that followed, and had

i found few applications by the end of the nineteenth .

(1)' | |

century

In.view of this early limited vision, it is all
the more remarkable thet Thomson suoceeded in making
'himself the czar of resistance welding in. the period that
followed. His remarkable empire was built over 8 period
of forty years, from 188h to 192&. The basic patent in
1885(16) was followed by others in the follOW1ng year (2 11)
'Thomson was a prolific 1nventor, and ‘was . granted n1nety~
seven. patents related to resistance welding J(16 ) apart ,"
from patents on generators, motors, lamps, meters, welders,
vtransformers, insulation,end many- other matters.(16) He
also attracted to himself & group of collaborators, Ooffin,
Dewey, Lemp, Rasmussen and others, who themselves were
granted over fifty patents in . the field of resistance |
welding‘(11) His group also acquired the rights to the

patents of other 1nventors.(1 )




21

Thomson's company, the Universal Electric Co. of
New York, basically owned the rights to the process of
resistance welding. The system that they used was to lease
the welding machines to users for a given rental, and to
impose an additional levy of 25-33% of the savings effected
by the new method of joining.('!) 1n 1888, Mr. M. A. Jevons
of Birmingham was appointed the British agent for the
Thomson interests.(1u) Jevons himself invented and patented
a process for the seam welding of tube, equipment for making
welded chain, etc.(1u) He was also the central figure of
the conpany formed later, Pontelec Welding Patents Ltd.,
as én'agency f'or Thomson.(1u) _An éarly‘resistance-welding
‘machine by the Thomson Electric Welding Co. is shown in

Figure l.

The increasingly profitable arrangements persisted
for many years and even as late as 1916 resistance welding
was still virtually in the hands of one company.(11)‘1n that
yvyear, five other companies were licensed to make resistance-
-welding machines.(11) The period of monopoly was accom-
panied by many claims, counter-claims and lawsuits.(11)
Perhaps of most importance were the patent issued_to Coftrin
(of the Thomson group) for flesh-butt welding in 1889,(2:11)
four patents to Céffin for spot welding in 1890,(2).patents

to Thomson for seam welding in 1890,(11) a patent to
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Robinson for projection welding in 1897,(2) a patent to
Kleinschmidt for the use of copper electrodes in spot '
weiding'in 1898 (11,15) and a patent to Harmatta for spot
welding in 1903.(211) pouchayer patented the use of
duplex copper electrodes for spot welding in 1903.. (15) A
long legal battle betweep_ﬁarmatta and the Thomson group )
for the proprietorship ef spot welding was not ended until

19244, - and was concluded in Thomson's,favour.(11)

Coffin's process of flash-butt welding requifed a
higher voitage than resistance butf welding, and bressure
was applied in two stages, permlttlng local arCLng to
facilitate heating at the interface.(11) This was destined
to become the most important of the butt Welding processes,
resistance butt welding beihg relegatedﬂto the wire—joihing
application for which it was initieted.(11) |

Seam welding was_fifst carried out using circular
copper electrodes and.continuous eurrenf.(11) This,proVed
to be satisfactory only for thin-gauge material.(11) Its
~ application was limited becsuse of excessive: roller wear..
Around 1891, a great improvement was effected with the
introduction of intermittent current to produce a_series of

overlapping spot welds instead of a continuous seam.(11)
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Several applications for resistance welding
appeared in the 1atter_part of’ the 19th century. As early
as”1879, Alexander Siemens saw that Thomson's idea might
be applied to the Joining of~cables,(11) In 1881, he
succeeded in joining the armouring wires of cable,(11)
using 60-100 amp at 20 volts. The wire diameter was in
the range 0.073 to 0.13 in. The ends were scarfea rather
than butted. Under tension} abput half the test lengths

broke outside the Jjoint.

Many examples of the application of resistance
welding were cited by Duff in a lecture in 1893 to the West

of Scotland Iron and Steel Institute;(112 these included

"pipes, chain links, copper-to-brass and lead-to-brass Joints,

iron axes with.welded—steel tip, wheel tires, bicycle hubs
and gun barrels.‘ In the same year, J. C. Perry introduced
electrically-welded!fence fabrics for the Bates Machinery
Company.(7) Towards the end of the 19th century, the
resistance butt-welding process was used for Jjoining rods
and wires for wiredrawing.(1) McBerty is credited with
the first commercial application of spot welding in

1901.(2)

(b) Arc welding and Cutting
It is generally'achpted that the first maﬁ_to
use the heat of the arc for Joining was Auguste de Meritens.

With a carbon electrode as the negative pole, he made joins
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in lead plates for storage bstterles, 1n the year

1881 (2,15) - Howevev, it was a pup11 of his, N. de Benardos, -

‘who is usually glven credit for . the 1nvention.A.This is
justified by the fact that it was Benardoa who brought the
_ pqssibility.toﬁpubliclattentipn;_ He: also. showed remarkable
| insignt,inxq th?lPO&gnpiglitieskof welding. .

‘in 1885, Nicholas de BénérdOS*(éentleman) and
Stanislaus Olszewski (Engineer of St. Petersburg) secured
British Patent No. 1298L. (1h) The following extraeta(1u)
‘give some idea of the scope of the invention:- '

"An improved method of and apparatus for
j. The union of metals.
2e Their disunion or separation.
'3.1The formation of apertures in metais.
L Union‘of metals in layers."'.(Presumably
" Benardos had in mind the fabrication of

thick armour).

"The process, which we call electrohephaest,
cohsists of the formation of* voltaie arcs,

when necessary———-—-"

"This process of working metals mey be- combined
‘with a gas apparétus, whereby gas;or_a'mikture

- of gases, coﬁld be introduced by pipes'into'the'
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"hlectrode-~—-—either a solid or hollow pencil or
rod. The hollow carbon is filled with various
metals or their alloys,'which play the part of

solder."

A sketch of the original apparatus is shown in

Figure 5.

It seems quite clear that Benardos and Olszewskl
should have the credit for introducing the generalized
concept of carbon-arc welding. Their description of the
use of the carbon arc for plercing, for making apertures,
and for generalized cutting operatiens alﬁo leaves no room
for doubt. It has been'suggested that tﬁe original patent
wording covers spot welding''!) but this is aifficult to
substantiate. It is true that the inveniors mention the
joining of metals at discrete spots, but they probably had
in mind a series of plug welds, using the arc to melt -
through two or more lgyers of the plates to be Jjoined.
This was still an advanced idea, and it is interesting to
remember that Elihu Thomson was still absorbed with the
butt welding of wires and rods at this time.(11) It has
even been suggested that Benardos and Olsgzewskl invented
meta1~afc welding,(1“) “but this seems to be incorrecte
The idea of welding with & hollqw carbon electrode eon*

taining metal does not eonstitute metal-arc welding; in




fact, the. euggeetion eounde impractical, and does not

appear to have been mentioned thereaf'ter. .

e Benardos. and Olszewski patent was a far-sighted
end ‘originel document whichmust have been yery stimulsting
at the time, 'Thej‘had'renvieaged the following possibilities:

(1)'Garbon;arc weldingjip cOnﬁihuousior intermittent

seams’ ; o B

(2) Plug wélds, for use 1in ."spot" welding

(3) Cutting and piercing with the cerbon arc
(u)'Thewweldingooﬁnheadless rivets

(5) The use of rolls and automatic_hammersrfor

"purposesfof.further cohesion“,fleter;to be knoﬁr

‘a8 peéning N - _— h
44(6), The use of welding for building up metals at

chosen locations o

(7) Manipulation of the arc atmosphere | |
.(8) Gonetructional p0851b111ties, 1nherent in welding,

far in advance of the repair techniques that were |

the preoccupation,of the early users_of'arc

welding
- In 1885;'Zerner introduced eicerbon—erc weldihg‘

process ueing two carbon electrodes (Figure 6), in which

. the arc was directed downwards with a magnetic field.(15)
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This process, and the "Voltex" process, which used a carbon
electrode impregnated with metal oxide, saw limited trials

in Germany, but ultimately proved to be impractical.(15)

In 1887, Benardos undertook further work with
the carbon arc and demonstrated the feasiblility of the
method for the repair and joining of ferrous materials.(z)
He tried to do the same for spot welding,(15) but was less
suceessful. In the following year, he obtained patents forx
welding equipment, snd for elaborations of the carbon-are

welding proceas.(11’15)

The credit for introducing metal—-arc welding,

.using bare electrodes, belongs to the Russian, N.G.

Slavianoff, and according to Russian sources he put forward
this idea in 1888.(10) The earliest English reference to
his work appeared in 1892 with a brief abstract(17) of a
paper by Slavienoff{1®) on the possibilities of the method
(17)

The metal rod wés to be joined to one pole of & dynamo,'and

for welding, asnd for the repair of broken machinery.

the work to the other.(17)

In the United States, Coffin, working independently

~of Slavianoff, also concelved the idea of using metal

electrodes, and took out patents for metal~arec welding

in 1892,(11)
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‘Welding with bare metal elec ’trodes? 1s dired cult,

and it was 1n 1889, the year followiﬁg Slavianbff's 1nven-“
tion,” that Arthur Percy strohmeyer introduced coated metal
electrodes.(1u) Strohmeyer was, associated with the |
Quasi-Arc,Company/of;London,'new;ia~Bilston;,:He'had found -
',that metal electrodes'performed better with a wash coating -
of clay or - lime.(z) There is & story that it had been_
observed that rusty electrodes performed better than those
not 80 arrected, but whether this.wae_known to Strohmeyer,:
18 not recOrded;. - |
Thevarcawelding prOcesses beganrtonihd'applia o
cations in tHe lasttyeare'of‘the 19th centary. Carbon-

arc welding was first used . commercially by Lloyd and Lloyd,
now Stewarts and Lloyds, of . Birmingham, 1n 1887.(11) It

has been reported that carbon-arc welding was .on a sound
commercial basis from about 189&.(1h)' It'was~also used -
before 1900 to make metal barrels by the Steel Barrel |
Company Ltd. of Uxbridge (14) An’ employee of that company,.
Mr.;T. Te Heaton who- apparently had not heard of 31avianoff 8
work, had. suggested 1n 1893 the possibility of, using mild
steel electrodes for weldlng, ‘but though ‘the . idea- was tried
(m)

it was not pushed to a succeesful conclusion.

”*Arc'buttﬁng*Waewimpreaeive&ﬁﬁdemonstrated in 1902

in“the:removalfof sn enormous -boiler ‘foundation in-Milwaukee,
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The contractor did the work quickly and efficiently,using
carbon~-arc cutting.(19) ‘
The advantages of coated electrodes over bare
electrodes were not immedistely dppargnt, and both methods
for a time made independent progress. By 1890, Slavianoff

in Russia was'demonstrating the use'of bare electrodes for

the welding of wrought iron, cast iron and steel.(u) Metal-

‘arc welding began to be used in England and in the United .

States for repair work on the railways and'fdrrothér pur-

. poses, towards the end of the 19th century.

(c) gas_Wwelding and Cutting

The final foundations were laid for oxy-acetylene
welding anad cuptingm
| Taking advantage of the development in 1880 of
the Brins pfocess for the production of oiygen,(1) Thomas
Fletcher, of Warrington, introduced in 1887 a blowpipe,
burning hydrogen or coal gas with oxygen;(1) He showed

that the blowpipe could be used to melt metals or to cut

. steel. Almost immediately, this was used successfully in

prgctice, the first application.being for safe~breakinge.
At the time, bankers and others were seriously alarmed. '

In 1884, Z. Wroﬁ;ewski and K. S. Olszewski, Cracow
University, Poland, succeeded in ligquefying éir,(Q) and
this was lster to become the basis of a cheaper method
introduced by Carl von Linde in 1893 for commercial

oxygen production.(Q) Finally, oxy-acetylene welding

~became possible with the devélopment by Fouche and Picafd.
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. in 1903 of 8 torch suitable for use with low—pressure
'aoetylenc (15 pounde per square inch) (2) harlier in |
- 1901, Fouche had made an experimental torch for uee with .

'high—prossure acetylene.(11)

(d) gxher uetncas;;

In 1895, Ce Vautin studied the reaction between
metal oxidea und alumlnum powder,( ) ‘and showed that even
w1th substantial quantities, the reaction occurred quickly
'and was usually over in less than 30 seconds. . Moreover,
high tempqyaturea were obtelned, in eXQeSS of 5000’3.
Vautih;may not have been aware of the work ef the Tissien

‘bréthers iﬁ'1658. 'In’any'case, no commercisal use was mede

‘:of “the stuii¢s unt11 1698, when Dr. Hans Goldschmldt showsed,

'that the'Vautin process could be used for welding.(7) He
1patented this appllcation under the namg thermltvwélding,
and in 1902 he deﬁqnstrated'its;use for the joining of
, iron bérs and the repair of rails, shlp rudders, mine

equipment, etc.( ) In 1903, thermit weldlng was fivst

. successfully used in merine work for the repair ef large

"oastings gnd for Joinlng 1arga cast compqnentSo(19)

The retention of the older processes coentrasts

strangely with the advances made in the lattar part of the

' 19th century. - In 1878, it is recerded that amlth's work
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'was required on the New York elevated railroad.(zo) For

this purpose the smith had & small forge and anvil high
over the city. The work he had to do would include forge

welding in the way known from early times.

In 1887, the first steel pipe was made, using both
lap-welding and butt~we1d1ng method developed earlier for

(7)

wrought iron.

WELDING PRIMARILY AS A REPAIR METHOD
PERIOD 1903 -~ 1918

This was a period in.which many.trends may be dis-
cernéd. The ad#antages of oxy»acetylehe welding and the
good. control that it offered tended at first to stifle the
proper development of arc welding.(u) Re81stance welding
flourished. and produced new methodg and applicstions, and
was -never régarded pfimarily as a repair technique. Looking
back with théipresent~day point of.view, it seems most
characteristic of the period'thatAgas wélding and, particularly,

arc welding were regarded primarily as tools of repair.

Conséquently the. full potential of welding for construction

and- fabrication was not realized,
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 {&) Resistence Weld;_g

:_ Percussive welding was invented in 1905. (15) A -
rew years . 1ater, in 1912, 2 United States patent was grantad'
to Harmatta for spot welding, (11 15) follow1hg his
':pplication in 1903. However, this was finally to be |
‘revoked in favour of Thomson in 1924.(11) 14 1913, |
| Kloinlchmidt, then with the Loraln steel Company, aéciden—‘
tally rodiucovered flash'weldlng (10 11) The method hed
not beon ustd much until that time, but thq inareasea pre~~
.\duction iurinz ‘the war years ‘gave an impetus to ita ) |
_applicntion.(11)‘ The important modification, projection
weldina;was put forward by Hamilton and Oberg in the
United Statea in 1918, and spparently resulted from ah L
acoldental discovcry.(11) It was noticed that 1oca1 welding |
- occurred at centre—punch marklngs on an otherwiae flat

surface.( 1)

' Applicationﬂ for resistance weldlng and,particularly,
spot weldlng cxpanded rapldly during the pariod under disw'
‘cussion. Spot wcldlng, according to Hornor, was used’ 1n
‘anzland from about 1905 onwards,‘at flrst in the’ menu~ -
facture of domostic hollow ware.(11) In.1909;" a catalo;uif
 -0£ the Thomaon Electric Welding Company describos butt B
wolders, seam walderu nnd spot welders. It ia intereatint.

to note that rlash welders wcre not mentioned at thia

time (1) spot welding was used in 1911 to make a stael
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. gondola car for the railways in the United States.(1 ) Its
appllcation for. car production started: around.1912. (11)
The spot—Weldlng machines used were small by. modern stanr
dards, with an,average capacity of about 15 KW, and sbout
60 XW maximum. Even so, it is reqorded-that<in the Doagé
Brothers automobile plant, with-67 épot~welding mgchines,
the main fuse. was often blown.(11) By 1917, spot Welding
hag become a necessity for automobile production, for the

(11)

construction of bodies and other parts.

(b) Arc Weldlng and Cutting

Improvements in transformers, notably with the
1ntroduction of 8111con steel by Hadfleld (Figure 7),
hegan to make alternating»current welding a more practical

possibility.

An important advance for metal—arc welding came
in 1907, when Kjellberg obtained a»patent»for;certain

(2’“’14) _The earliér wash~coatingé by

eiectrode.coatings.
the Quasi-Arc Company .had done little more .then help to
maintain the arc, but Kjellberg perdéivéd that the vaering_
could be.made to serve. othér'functions;:.Two extracts from
.the applicqtionﬁ1u) follow: |

"Gaseous flux process~————covered w1th a

sleeve of non-conducting materia1~f-so that thé

sleeve projeéts—--~but fqrms'a?guide'fof the



3L .

, molten metal. The sleeve protects the metal from

oxidation-and reduces heat losses.™

"—%-—-sleeve caen be made the vehicle for
constituents that will give the desired charac—
“teristics to' the added metal."

| Ih a‘eecond oatent in'i912, Kjellberg'gavermore
details of satisfactory mixtures for coatings,'and reference
was made for the first time to the use . of powdered ferro-
.alloys in the. coating, as a convenient method of addition

in place of alloying the eteel core wire (2 )

In England,va‘little*later'than‘in Sweden;;coated
electrodes made an/earlytappearance.. rhe Quaei—Are Gompany-
introduced metal electrodes wrapped with blue aabeetoe yarn
(ferrous 51licate), w1th-annalum1nnm wire incorporated o£~'
a diameter corresponding to. 2%. of the electrode cross- o
eection.(1u) The melting point of the flux wes controlled
by further additions of sodium silicate and aluminum o
sllicate. (1) The original iden had been to lay the coated
rod in the seam, and to melt it in position with the carbon
arc (1h) However, spurred by the difficulty of overheed
welding, the more direct idea of using the rod iteelr ae
_ electrode was soon tried.(1“) The company expleined thet
the arc should be formed}with‘the electrode-verticalg but.
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that the electrode should then be dropped back to form an

angle with the work.(1u)

The arc would soon be extinguished
: as the coating passed to an "“igneous state",zbﬁt‘ihe
resultant slag would act as a secondary ccnductcr; main-
taining electrical contact.(1u) - The cdaiéd slectrodes
were sﬁpplied in various sizes from 5& gaﬁge (B.S:W.) to
3/8 in. diameter.(1g) The largest size required & welding
current of 300 amp.:.Cﬁtting could also be acccmpliShed

| ﬁsing sn.8~gauge electrcde.at 200 amp.(1u) The company
suggestcd that the nsﬁ.weiding method would be suitable
for constructiohal wofk-iﬁcluding ship constructidn,’
pressure tanks, air-recelvers in boiler work, the_rein~
forcement of iron plates, crankshaft Journals, key ‘beds,
hydraulic rams, and repairs generally.( L) One customer
oft the time said that the process was satisfactory with
(14)

female and other unskilled laboure.

- A changing attitude, rather than a techﬁical
advance, was marked by the cOlisborative tests com@enced
in-1917 by Lloyd'sy the.sritiéh'Admiralty,Jand United
Statescauﬁhorities to dctermine fhe strength of welded.
joints.(21) It was recognised; st least 1mplicit%j;'£hét

welding‘had become a competitor for rivettingQ

In 1917, Jones in ths United States produced the

first electrodes with extfd@edQcoatings.(u)"The importance

The abbreviated form for Lloyd's Register of Shipping,
London.



of the invention derived from the coating uniformity that
resulted. 3The;dipped,coatings-available prior to thie were
unaven-an@'reeulted in erratic behaviour. BEventually,

extruded QqétinQSubecame aimost universai.f

In the application of arc welding in the period
under discuaeion, there is an empha81s on repair work. In
the early years of the century, arc welding ‘began . to be
used in England and in the United States for repair 1n
reilway work.(1u) Lloyd% recorded that in March 1906
repairs were made by arc welding to the combustionwchamber
seams of a boiler, and that subsequent exemination . years
1ater showed that the repairs were. satisfactory-(?1) In
the period 1906-1911, ‘Lloyd'st records show that 160 boilers;
were repaired by welding.(21) .Thére were, in addition, _
“twenty arc~wemding repairs to tha hull structures or shipa '

in the same period (21)

, In 1907, Kjellberg was recommending metal—aro
welding for the repair of masslve b011ers, etern rrameu
and other parts of ships, and for building—up operations
on worn parts, propeller shafts, crankshafta and axlou.(1u)
| Significantly, he felt constrained to add that are wola-
and reaistance welda gould be aa relieble ae acetylene

'welds and blacksmith welds.(1u)
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Welding weas employed -to exeeptlonal advantage in
rendering damﬁged enemy ships seaworthy. In 1917, ‘after
the entry of the United Ststes into the war, thebe.was'a
total of 103 1nterned enemy ships in Unlted States hands (19)
These were exten81vely sabotbaized. - In New York alone, there

were 31 steamshlps, ‘which 1ncluded four small steamers and

two saillng Shlps only slightly dama5ed the remainder

S were: 1n.the 81ze range from 3,900 to 56 OOO tons and were

_seriously damaged and uselesc ior tranbport.(19) The

sabotage had been done usmng battcrlng rams and sledge

hemmers, dnd also by- dr1111np, and the»moet serlous damage-

incurred was “to cast iron parts such as. cyl:nders, liners,

(19) - The-re—serv101ng methods &t first

propqeed‘wbuld-ﬁave been costly and too  protrected for wer
service; they invoived, for example, cqmplete_replaeemente_
of 70 steam cylindere.(1g) Capt. Jessop; the United States

Engineer—Officer of the New York Naval Shipyerd, suggested

the exten91ve use of weldlng for repalr.(19) The. suggeqtion

was - boldly adopted and resulted in gresat . sav1ngs in time

and- money (19) Elghty—two of the gravest 1n3uries were

Hrepeiped by welding, and thirty~six others were repalred

by mechanical methods.(19) The money saVed was estimated
at twenty million dollars, and the. repaired ships trans—'
ported half a million troops to France. (19) Flgure 8 show

the Welding repalrs made to one of the'Sabotaged vessels.
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World War I (1914-1918) gave & great impetus to
| welding, the number emnloyed in welding operetions rising

from about 8 000 Juet before the war to 33,000 et its

.end (19) Unfortunately, wcldlng was becoming known meinly o

'as a repeir technique (L) It is 1ntereeting, therefore,

to. turn to the idea of using Weldinﬁ for construction.

The noeeibilitiee of’ welding for ship conetruction -

‘were being realized 1n thie period.‘ In: 1918, 1t wasf'
reported that a partlvaelded shlp, the "Dorothy M.'Geary" ;
had - been in eervice on Lake Erie for a number of yeare (&)
_The hull of thie ehip wae welded, and’ a - certain amount of’
welding had been used on the decke.(u) The first all-"A
welded ehip was a 125-ft barge launched in 1918 and built
-at Richborough for the British War Office (21) In 1920, |
: Kaillberg wae responslble for the riret ell-welded ahip
' built to Lloyd's approval, the "S,S. Deeb".,Shortly erter
'v'the entry of the United States into the war, the Gouncil
of National Defence set up an hngineering Gommittee te ',
1nveetigate the possibility of ueinb welding 1n the ehip— f
-yarde (19) Later, this committee work was, taken aver by, ‘
the Emergency Fleet Corporation, and its ecope was ,
broadened to. include acetylene end thermit welding alongf'jd
with arc welding.(19) After the Armistice, the American .
Aesociaticn of the welding Induetry wae created and thiev;ft
body assisted in maintaining a Buresu of Welding,(1?)
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In 1918, Lloyd's in England 1ssued "Tentatlive regulations
for the application of electrié arc welding to shlp con-
struction".(14) 1t 1g intoresting to sse that they
demanded, for welded specimens, comprehenéiQe mechanicai
testing for elastlcity, elastic limit,_ultimate~tensilo
.strongth, and elongation; faiigue, colad bsnding‘énd impact
tests;. end, in additioﬁ, chemical snalysis and macréécopical
| éxaminafion.(l4) The impact test somewhat ressmbled a
‘modern drop-welght test, In that heavy welights were dropped
“onto welded platés,.the deflectlon and coﬁdition of the

plates being examined after each blow,(14)

In 1918, comparative tests were being made in the
United States pq examine the strength of various joints in
which rivetting, spot welding, fillet welding-and butt |
"welding were used separately and in various combinations.(1u)

They showed that a sjmple butt weld was usually best.(1u)

(c) Gas Welding and Cutting

The handling of acetylene was made very much safer
with an invention of T. G. Allen in England in 1916. The
acetylene, dissolved in a liguid solvent, was mixed with

a solid absorbent, Kapok.(19)

The fact that little space 1s here devoted to -

oxy~acetylene welding should not disguise the important
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advances made in this period. It was regardéd as the most
_ Batisfactory and reliable method of Joining, offering good ‘

' ,oontrol. Many ‘applications were found both for repair and

; rdr_épnatpuctiqn.

 "(d) Other Metbods

, Pressure thermit welding of rails was introducei
.1n 1906.(11) Thermit weldlng found applioation for the
i‘joining of rails, repair of large castings, etc., in the

f:;period under.aiscusaion.

| WELDING FOR CONSTRUCTION AND FABRIGATION
o 'PERIOD 1979 ~ 1954 | |
In this period, welding continued t0 grow in com-
i.plaxity, both in method - and in application. Some ‘tendencies
that were beglinning to appear towardsa the end of the pre~.
© yious period, i,e. the aSSessment of welds by testing, the
| cdﬁtrol of welding by more caﬁefulytechniques;land the use
- ofiépecifications and inSpectibn, were‘aLSO muéh.eXtended.
: Howévef, the most characteristic trend of the period was
.the recognition of the 1nherent poss;bilities of welding,
- and pﬁrticularly of arc. welding, for construction and

-f'jfabricapion.

“An index of the growth of welding is that Lloyd'

approved aix welding processes in 41922, and thivteen in

- 1934, (21> Today there are over forty satisfactory methode.
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.The~complexity of metal-src welding is symbolized by

Lloyd's' list (1959) of 1200 approved electrodes.(21)

(a) Resistance Welding

In 1920, copper—pﬁngsten alloy electrodés weré first
used, for spot Welding,(z) and soon became popular because V
of thevexxénded 1ife‘fhat they offered. Also in Fhis year,
beftep current#interfupting_devices became available, which
facilitated the'appli§ati0h of.seam Welding'to metal of

thickness in exceSS‘Qf 20—gauge.<16)

Res;stance—welding processes were rather poorly
‘controlled at this timé; for example, J» H. Davies, writing
in {922, said -that no preparation‘of the metalAsurfaces was
‘necessary for spot welding, except that.they should be

(19)

cleaned if they were very dirtye.

Harmatta's‘patent for spot welding, for which he
made application in 1903, was finall& invalidéted by the
U.S. Supreme Court in 1924, in favour of Elihu Thomson's
patents.(2’11) In fhe period 1930-1932, thYﬁaton tubes
were first used in place of mechanical contactors for
supply-line interrupticn to time the current pﬁlse in spot

(2,12) and in 1934, a further improvement was made

welding,
with the development of the lgnitron conmrol'(11) Further
developments appeared around 1939 with the development of

stored-energy machines, and after 1950 with. the introduction
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"of three—phase spot welders, fa01lltating the’ applicatlon' -
or the method for the llﬁht alloyu.(1 ) Theve were alsa
P;considerable advances made in the timlng of 1he welding

: current'using eleotronic dev1ces. Slmllar devices ware
'jused for ¢ontrolled heat input beforc and dfter welding,
and-there was en increasing trend towards_maklng ‘the

machinesffully'automatié.

4 _ Appllcations for resistance welding increaaed
quickly, partly as a result of the variety of welding ‘

' equipment that became availdble. Even in 1920, there wére
many spot—welding and butt—welding machlnas of different - |
»deaign and both processes were well established'(11 15)
for example butt welders epecifically for chain making o
became available.(15) In 1920, a wide variety of resiaw‘*'

,tance—welding machines wes available in England frOm

British Insulated and Helaby. Cablea Ltd.; and the fqllowing

'1ist of applications illustrates the multiplioity of pur~
poaes for which resistance weldlng was recommended and

| used:(1u> pipes, refrigeratov coils, milk—can rings,
-parambulator rims, printer s chaaes, flttings to caseﬁent
.frames, carriage and coachwork parts, trellis work, coupling
'11nks, brake rigging, travelling—bag frames, tlpped toola, .-

.drilla, taps, valves,etc.; enamelled hollow ware, tanks,

- pulleya, atraight sheet iron tubes and elbows, fittinga

. to uhasais,etc ; machinery guards; sheet and expanded metal B
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-to flat and profile iron for shelves, 1ockers, etc., and
agricultural machinery parts, fuses, fan propellers, tin

ware, lattlice for reinforced concrete, etc.

- B via11,1%) writing in 1921, said that although
ebog‘welding;was_used mostly for joining thin.ehéets‘ef
.iron;.mild steel or brass, it could be used for practioal
Awork with plﬂte up to 5/h in. thlck,_ana had been used
;experimentally to Join togethcr three layers of steel each
:one.inch in th;chness._ According to this author, resgs-
.~tance Welding at this time (1921) appeared to be more hjghly
developed as a constructionzl tool than the other major
weldlng processes.(15) Resistance welding had been so
:eudcesefulg in fact,~that,its'propagoniets overreached
themselves. At about this time, in 1920-192%, the Genersl
Elqetriercompeny in the'Uhited States chpleted an experi—
-menfal spot—Welding machine with 100,000 amp capsacity, ahd

eapable'of applying 75,000 1b load.(iu)

However, the maii;
mum velues used in practice appeared to have been 72,000
amp with 30 000. 1b load for ont weldlng one—1nch~thick
steel plate (1*) Another huge machine made in the Unlted
States at this time was & duplex spot welder (Figure 9),
which was designed to make two epot welds simultaneously in
3/4—in.—thiek steel plate.(1u) This machine had a meximum.
capapify of 50,000 amp and was capable of applyihg a load
of 30,000 1b on each of the electrodes.(1“)
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These gigantic machines were -intended for the'f
-prefabrication of ship hulls;(1+) but were nof‘ueed:for‘
this puepoae; They were never‘fully devedobed,'bEcause
they had the same disadvantage as rivetting in rEquiring
lapped. joints;(11)";The simple butt joint made possible
by are welding invited economy with a considerable saving
in welght, and this dominated tﬁe .course of ship-con-.
qtfuotion practice. The huge spotwwelding machlnes suf-
fered the fate of the dinosaur, and no mention of them -
- My be found & few years after their first eppearance.
,Even 1erger epot welders have been used in later times but

applieatione are 1imited. .

Viall( 5) recorded in 1921 that mixed joints-~for :
example fillet weldlug and spot weldlng used in comblnation,v
or spot welding and'rivetting used in combinationqawere _

- becoming less common, and that the practice of uains mixed
joints was not to be. recommended. According to Hall, it
was not until about 1926 that eeam welding became a really

' 'satiafactory operation.(16)

In 192&, ‘the Lackawanna Steel Gompany introduced ‘
machinee for the butt welding of tramway rails (11)_4This
produced satisfactory results, but, in England at least, the

machline was thought to be too expensive (11)
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In the period from 1927 to 1937, 3,800 mile§ of
rail on the German réilfoads were joined by flashebutt
| (11)

VThe development of thPGE*phase spot welders, from
ébout 1939 onwards,(16) eventually led to applicstions for
the joining of 1light alloys.(11) An example, ffomvlate |
in the period under discussion, of & modern fesisé&nce-
welding machine developed for specific purposes, 1is shown’

in Figure 10.

As early as 1933, the Northrop Aircraf't :Company -
nrealized the possibilities of resistance welding for air-
eraft construction, and commenced testing.(22> Aircraft
wlth spot-weldeéd parts were in~productioh.during the second
world war, including the P-61 Black Widow with,spot-welded.
booms.(gz) :

(b) Arc Welding and Cutting

In 1920, Wortmann introduced an élternating;
current welding transformer.(1o) This type of source was
not suitable for bare electrodes, but coated electrodes
were developed for'use either with direct—-current or alter-
nating-cgrrent sources. The two types .of power source weré

each‘fbund to have a distinct set of advantageé;'&hd both

‘types are in use today. At sbout this time, it was

becoming desirable to standardiie on either direct or

v
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alternating current for gcncrdl powcr aupply. The -com-
peting interests involved put Lurmuro meny elaim and
oounterwclaims, not all of them genuinc resu]tiag in -

(1+)

mueh confusion.

M. Roberts and van Nuys carri&d out some tests
in 1919 on the effect of varjous shielding gases on the-
aré (10} and in 1920, Hobart and Devers made 8 similar:'
abvdv, culminating in a proposml to- use argon and helium

for ahielding PUrpOSES (2 )

Necessary for the impl@mentétion’of'thé'néw'ideds
for using welding for construction and. iabrication was 8
'realization of the importance or ayplying metailurgical
knowledge to weldinb control. Until this time, the quality »
of welding was largely in the hands ox the operator - Por |
example, in. 1922 Davies naixely reported that most operators
did not think that a flux coating was necessary on metal
elcctrodes,(19) as though this anuipathy bad some technical
aignificance. The same author was advocating at this
-:time the training of operatoru on the linec then customaﬁy

in Germany (19)

"Germrn operators are sc1entifically trained~-'
taught chemiatry and metallurgy~~-employ micro- ,

acopical and macrosoopical examinatiuns."
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The need for better metallurgical knowledge 1s
- illustrated by the composition of wires évailable in 1922

for the metal-arc welding of thin-walled tanks:~(19)

R

I s B s
0,05-0.19% 0.02-0.16% 0.03-0.08% 0.010-0. OSZ%trace—O ogh
(A higher manganese level of O. 56% was present in one -

composition..)

This shows that the. sulphur content could be
rather high, and that the manganese and silicon levels were
in general too low. ADavies(19) made the comment that

: :

' welding wire must be'free of phosphorus, sulphur, manganese,

‘and other impurities.

Another illustration of m131nformation is also
'provided by Davies,( 9) who stated that protracted ham-
. mering, or 1ow temperatures, leads to "erystalllzation"
in the metal. This old theory of %mhernoff( 23) (01862 A.D.)

. dies~hard, and ‘is still current in lay opinion.

However, in the period 1919~1922; Lloyd's, the
British Aaﬁifalty and others in:England, and also- the
_Reseavch Sub—Committee of the Dmergency Fleet Corporation
headed by Spraragen, the Bureau of Standards and others
in the United States, were sponsoring investlgations,

devising mechanical, physical and chemical tests suitable
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'for weldadijointé; and iosuing speclilcatJonc (1&,15,19}
Dhere. was much to be. dono. One of the tests devcloped &t
thF time was a bend teut in whioh a slxce ua, cut aoroas
the welded Joint, and arterwards bent 1n a Vice, using an
_yiodine etch to detect flaws and 0?&010&( 9) netaiwaro
walds had rather poor properbies assooLatod w;ih nitride

(19)

and oxida 1nclusions 1n the wold motal It was

"noticed that pOrosity often occurred in. welds on mila steel,

then deflned as a steel with 1ess than O. 5% carbon '

content.(19) The microscope wab used to sone extent, and

many of the walding defects, for example nitride inclusionsa,"
' could be raaaonably identified.(15) However, the structupe L

Of "aatiafactory" welds as 111ustrated by photomicrogr&pha
of this time(15) would not . inspire much confidence today.

In 1921; ‘the temperature of” the are was eat;nmtai :.,
1o be 1n the range 3500-M00000,(15) and though an under~ '.: o

' eatimate, 1t 111ustrates the applicationcﬂ’a more versatile

[

’scientifio approach.-_‘

, There was in 1920 a difierence of opinion on .
wheth@r or not it was good practice to use a flux covering
on metalwarc electrodes.<1u) However, a trend to use
more ooated eleotrodes and fewer bara electrodes could be
noted at that timo both in Lngland and ln the United
' Statea (1*) | ' g |
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It waé stated in 1922 that copper and éluminum

alloys were difficﬁlt to Jjoin and thet wélded Joith in

" these materials should be pald careful attention if they
were to be used for puvpoves ol goustructlon.( 9) on the
other hand, the welding oi cast 1Pog was & relatlvely-
simple process. (19) Toduyvthé.pOSitioh is reversed:
copper and alumlnum alloys are often fully weldable,
whereas the welding of cast 1ron, in which 1itt1e progress

has been made, may be a source of some anxiety.

. In 1930, Hobart and Devefs patented thé ﬁserf &
refractory electrode in congunction with argon or helium
atmospheres.( ) "This was the basis of inert-gas tungsten,
arc welding,wh;ch was to make p0331ble the easy" joining of
magnesium alloys, aluminum alloys, stéihless stéels,‘coppér
alloys ‘and many other materials that would‘have been dif-

ficult to join by-other means.

After some experience had been obtalned in the
welding-of boilers and vessels by metal-arc welding, codes
appeared in 1931 to control its use infall—weldedApower

bollers and unfired pressure vessels.(2)

Submerged-arc welding, another new arc-~welding
process, was first used commercially at the Consolidated

Steel Company in Los Angeles in 193&.(2) In this mefhod,




50

the arc is bupied'uﬁdef powdered flux. It permitted high
_ current densitiss, éndeaé easily adaptable,té gutomatic
'juse; so'thét ﬁﬁch higher speeds could'ﬁé used.in weldiﬁg
thick steel aections.: The method was patented in the
Unlted Statga in 1935, (u)

The first commerclal use for inertwgas tungsten-
arc welding. foreahadowed by - the 1nventlon of Hobart and
Devera, Was ror the joining of magnesium alloy assemblies

hy Northrop Alrcraft Inc. in 19&8 (2)

_ Atomic-hydrogen welding, which had been developed
earlier, tended after this to be overshadowed by the more
‘ successful inevt-gaa tungaten—nrc welding, although still

'finding qccaaional applications.

submevged-arc welding was invented in the U S 5.R.
"by the Paton Electric Welding Institute of - the Uk“ainian 4
Academy aof Sciences in Kiev in 19uo,(1°) six years axter ‘
., it had ‘been used successfully in practice in the United
States) L

Anotner new process was inart~gas metalaarc
_welding using a consumable electrode, inbroduoed by tne

Air Reduction Oompany in 19u8 (2)

In the period 1919-1951, welding, and particularly

are welding, became the most important metal~301ning method.
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for construction and fabrication. It wes in Sﬁip con-—
'struction that this tendency may first be noticed. In
1919, the Cast Steel Corporatlon of New York made plans
Ior casting the component parts of shlps and Jjoining these
by-weldiﬁg.(7) However, this did not prove acceptable.
Vessels of rolled steel plate could ﬁe made pheaper and.
1igh£er. The ftirst all—welded sea~going shib was a coasper,
"Fullager" of 500 tons and 150 ft in length, built in 1920
by Cammell Laird under Lloyd's' Survey.(®’2') Arter this
time, progress was rapid. Sweden, which had always made
good.use of arc welding fof ship repair,(1t> was qulck to
take advantage df the savings offered by Weldgd.shlp con-
struction. Othef maritime nations foliéwed suit.,

It is s1gnifica§t that the books on engineering
of around 1920 made no mention of welding.(zu) No doubt
this would have been defended on the grouhdé'that Welding'
was not sufficiently contrélled to'Submit'ﬁo'théfdiscipline
of engineering. Whatever the reason, there was & failure
by engineers to comprehend the potentialities of welding
for construction. In 1920, the first allfﬁelded building
was erectéd. This was & small mill building,.60 £+ by 40 f£'t,
erected by Leénard MaéBéan in Brooklyn for the Electric
Welding Company ot America.'19) It is amusing to recall

that local approvals were}not granted until each of .the
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trusses had been 1oaded with gravel bags to glve MB tons
dead weight (15)

. At about this time, 1919-1922, arc-welding 4
equipment was available in great variety, 1ncluding many
pOrtable eets.(1h) Often the equipment was mounted on’

1ight trucks(1u) to facilitate contract work.

Metal—arc welding was beginning to grow, and

"~ found new applications at the expense of other methods.
Metal-aro welding wasg used ‘much more often around 1920

. than carbon—arc welding (1u’15)‘ One of the important ,
“reasons for this was the advantage of metalnarc welding
tover carbonrarc welding for vertical ‘and overhead work (19)

In addition, it was recognized in general that, for thick
, steel exceeding sbout 3/8 1n. in thickness, arc. weldlng
- was faster and cheaper than oxy-acetylene welding.(19) On'

the other hand, the carbon. aro wes thought to be better ‘

for cutting.(jg) uetel electrodas could be used for cuttingf‘

“but required occasional cooling by dipping them into
(19)

water

In 1921, arc welding was used extensively in o
shipping work, on the rsilways, and generally in industry,
though there was still an accent on repair wovk for these ‘
, applications.(15) One example of welded fabrication from .
about this time was the production of arc-welded tipped

(15)

tools
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In the period appreximaetely from 1925~1935, walded
degign began to.appear;(Q) design was affected by theinew
ways af construction mede possible by welding, for ships;
tanks, buildihgs, pipélines and bridges,(g) In the same
period, large all—welded.engineering structures began to
meke én appesrance, at first in Germany and then in the
United .sm_»,\ms.(gl‘L> In 1930, the tirst all—ﬁeided merchant.
ship in thé United Stétés was built in Charleston,.s.

Carolina.(“)

Germany made good use of weldiﬁg in preparation-
for the second world War. After the Versailles Treaty of
1920, &8 limit on capital ships of 10,000 tons dead-weight
was imposed'on Germany;(”> About 1930, Germany turned to
welding as a.jeans of building wér vesselé of ﬁastly superior
striking power compared with conventionally constructed
ships.(u) By dint of hérd and brilliant work the problems
of welding thick armour were bvefcome; and the weight saved
was uged to provide heavier guns, additional armour and
greatexr speed.(“) The German- pocket battleships were a
success, As a result of similar work, German tanks in
1940 were welded, whereas British and other tanks were of

(L)

rivetted construction.

Weldingz was also used very eftectively ‘oniAllied
ship-building programs. In the period 1939-19L45, 5,777

welded ships were built in the United States, with a total
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weight of forty million tons.(21) This‘number'included‘

2 7h8 Liberty ships and 705 tankers.(21) A small number -
of' these failed at sea. Many were sunk. The remainder
effectively helped to win'the~war. The occasional cata-
etrophic failure of some of these shipe, at that time
mysterious, received disproportionate publicity that left
welding for many years in lingering discredit, despite the

magnificent performance of the great majority.

(c) gas Welding and Cutting | 4
By 1922, bottled dissolved acetylene wae used

(19) In addition,'new purifiers for

quite extenaively ,
acetylene were introduced, providing some improvement, pre-'
viously,'some trouble had been encountered on occaeion from:
-the uee of impure gas.(19) Torches were introduced in whieh l1

the danger of "flashpback" was: virtually eliminated.(19)

Automatic versions of oxyaacetylene welding and
’cutting were used in 1922 (19) In one of the cutting ‘
machinea, the Oxygraph, manufactured by the Davie Bournville
Company of the United States, the cutting head followed a
(19)

drawing with a motor—driven tracer

By 1922, oxygen cuttirg was being used to cut
steel of 20 in. thickness.(19) ‘ | L |
. It was recognized by most people at about this time,f
that oxy—acetylene welding was ‘more effective in the thinner‘
Vgauges, i. e. thicknesees 1ess than about 3/8 in., but that -

Ior thicker material arc Weldlng was faster and cheapor (19),'
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Despite this understanding, Davies gave an example in 1922
of the welding of 1%-in.-thick boiler plate using oXy~

acetylene welding.(19)

Automatic equipment for oxy-acetylene welding was
used in 1922 for making long seams in transformer sheet,
seam welds in drums and other containers, etc.(19)" Reference
has also been made to the use of oxy—-acetylene welding for
the repair of joints in a pipeline, the pipe for which was

in the range L-6 £t diameter.(19)

Oxy~-acetylene welding was used for joining aluminum
and copper alloys in 1922, but the resultant welds were not
always of very good quality.(19) New applications were
appearing for fhe manufacture of aeroplane‘and automobile
parts.(19) .Cast-iron welding was described in 1922 as a
(19)

simple processe Today, the joining of cast iron still
presents some problems, but oxy-acetylene welding has

remained one of the preferred methodse.

(a) other Methods

In 1922, thermit welding was used for joining
railway and tramway rails, and in the construction and
repalir of large gears.(19) Davies mentions also the repair
of a large rock-crushing machine, for which a thermit

crucible of 2,000 1b capacity was required.(19)'



“doldupresqure WFldiuH, althéuyh it had,mppeured
from time to time 1or man5 centurios, found its fjrgt'
“important application in 1035 in thP roll ~bonding . of’ clad
metals ( ), After about 19&), more 1nteP0>t;was shown ‘in
cold- pressure weldinp, wlth a, g ndunl ]nCPFabP in devplopm

(9)

ment and appllcations.

In 1951, electro—slag weldlng wa 1nventad in
1Sov1et Russia,(?u) and hab beencon51derab1y developed in
\.Russna and. other'ébmmunlst~countrle 61nce bhut tlme.( Iﬁ
" appears to have some merit 10? the J01n1ng of very thlck
‘material, and equipment 1or thlq process 1s now evuilable

; 7in the United States (see Figure 11) and in hurope.,

WELDING Ab A SCIENTIFIC TECHNOLOGY '
: TODAY

we - have entered a period in. which Wleing is well
 ‘récogn1zed ab 8 technique of englncering rov construetlon
and fabrication. Welding is essential ior 8 good desl of
,present—day metal technolopy,_without it, hlgh—pressure
boilers and jet aircraft woulé be impractical, and auto~ :
‘mobiles and a host or niher manufactuved goods WQuld be o

'prohibitively expensive.t»

Today, theré are:dver fbrt&'distinét-wéldiﬁg pro-

cesses avallable to Join 1nnumerab1e metalb and alloyg;
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This variety in specialized alloys has appeared because of
increasing demands for lightness and greater strength,

for better resistance to impact, corrosion, fatigue and
brittle failure, and for better service at high temperatures.
The same demands are made of welded joints in these materials.
It frequently happens, now, that in the development of new
alloys, good weldability is one of the prime requirements.
For example, the high-strength steels used for nuclear
submarines require high strength, good weldability and

good notch toughness, and were designed with these three

requirements in mind.

'

In all modern countries, welding research occupies
a prominent place. In the United States, the Welding
Research Council annually sponsors a great deal of research
at various centres. The British Welding Research Association
in England has unrivalled facilities. In Canada, apart
from Government research, some Welding rescarch is being

done within industrial organizations and elsewhere.

It is not surprising that there is a current trend
for still more-research in welding and allied subjects,
and an increasing demand for specialists and technicians
trained in welding. Welding provides a discipline to
extend the abilities of metallurgists, mechanical engineers,

physicists and mathematicians. Despite the diversity of
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its applications, the fact that the technology of welding -
is fonnded on and nourished by thevbaeic'Sciencee lends
the whcle eubject a coherency which can attract- the

academically inclined.

_ There is a growing literature,’a dozen or morej
journale in the English~epeaking countries, including two
Oanadian Journale, are concerned with welding. Various o
national organizatione are represented in the International
' Institute of Welding ‘and in the work of its fifteen » |
Gommissione,,over one thouaand people took part in the last

annual meeting in Liege in 1960.

The review of present-day welding techniques that
followe ie eo brief that some readere may wieh o supple— '
ment - the information by referring to two excellent ;»
greviewe (2,25) oF to the latest edition’Ef the’ Welaing

3Handbook.(26)

‘(a) Reeietance Weldigg | |
5{ Resistance welding hae continued to make important

‘progreee in all kinds of metal—manufacturing industries..}
One of the reasone for this euccees ie the fact thet
réeietance welding lende iteelf eo well to maee—production

methcﬂs andfto automation. The new electronic industry

hae ‘made especially good uee of reeietance welding. ~However,"'

it is in the conetruction of aircraft and automobilee that _




resistance welding makes its greatest contribution to our

present civilization.

The United States Air Force aeroplane -89 Scorpion

has many spot-welded assemblies, including the engine

(22) Many tests were made betore these doors

access doorse.
were put into production. Each door has between 1800 and
2800 individusl spot welds. Other major structural parts
completely spot welded are the keel or backbone, skins,
wing tanks, main landing-gesr door, etc., and almost all

other assemblies are partially spot welded.(gg)

. Figure 12 shows the X-15 rocket-powered manned

aeroplane designed to fly at speeds in excess of 3,600 miles

per hour and at altitudes up to about 4100 miles. Inconel

"xn. a nickel alloy, had to be used for the outer skin
because of the high temperatures expected from frictional
heating: most materials would be ruled out because of the
fall in strength under these conditions. Spot and seam
welding have been used extensively and it has been claimed

that the X-15 has 65% welded construction.

Very large spot welders have been used at the
Rouen (France) plant of knterprises Metropolitaines and
Coloniales for the fabrication of 200 composite beams for

(27)

use in power stations at Volaines and Hornaing. This
entailed the joining of the 32 mm flange (1% in.) of one

beam to the 14 mm web (5/8 in.) of another.(27)
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By meane~of percussion'welding; very rapid pro-

- duction ratee can'he achiewed;for electric lamps, electron'
.'tubes, telephone relays, etc.; For-percuesion welding, a'
capacitive circuit charged to & high potential (eeveral
thousand volts) ie discharged across the gap between parts

as they approach each other under a propelling force.

_Magnetic4rorceiWeldingfpermitszaccurate synchron-~
izationfof'the'electrode”force and ihevwelding'current in -
resistance welding.; This is done by using the welding
'current to produce a magnetic force acting on the elec-. |
'trodee. It ia moet useful where welding time is very |
short.-‘Applications include welding of’ high—conductivity
metals for electrical contacts, commutator aesemblies,'

'plastic—coated steel eheet, etc.”

(b) Arc‘Welding and Cutting

Metal—arc welding and submerged—arc welding,
either manual or automatic,'account for most of the welding
that is being done today. Some of this can be very exacting _
work.- A good example ie shown in Figure 13, which ehows
the nuclear—powered eubmarine, Triton. Weldability was
taken into account'in designing the high?etrength_eteele
from which nuclear submarines are built. High standards
are. required in the workmanehip and inepection to achieve

'the quality laid down by specificeation.




61

Arc welding is being used increasingly for ihe
construction of steel buildings snd offers considerable
savings in steel and money. 1In addition, a radically new
method of structural design called plastic design has grown
up over the past 25 years, made possible only by welding,
with further economies difficult to match by traditional
building methods. Instesd of designing the unit eomponents

of a structure on the basis of yield strength as in con-

ventional design, plastic design utilizes the fact that
rigid joints are made possible by welding in a system where
the basis of design is the crushing strength of the structure
as a'whole. Much 1ighter components are used throughout,
and, in the last few years, dozens of buildings have been
erected in the United Kingdom and in the United States
following the new design method. Figure 14 shows the

first building designed and constructed in accordance with
this method. This is the fatigue laboratory of the British
Welding Research Association, with a floor area of 5,000
sgefte., Opened in 1952. Plastic design represents an
important milestone in building construction, that would

not have been possible with Jjoining methods other than

weldinge

Pigures 15 and 16 provide impressive examples of

modern welded construction using conventional materials.
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- Ordinary constructional eteele,ma& provide<practica1 pro;
.blems in,weldiné buththe technical problems are_usually
not serious. _An»imnortant enception5is the prbblen of !f
ibrittielfailure, Although primarily .e materials problem,
‘welding unrortunately provides notch effects that can
initiate crocking,and reeidual stresses that can maintain
it. A great deal of work hae been done on varioue aspects
of the prdblem,and:many velnable contributions,have been
made by welding investigetors. 4Theoretical,Work remaine
to bé done, but thevpractical difficulties have now been
brought under- oontrol. - In many countries, including Canada,
special grades- or ‘8teel- are available with diminishing
susceptibility to notchrbrittleness, from which 8 choice
can be made, depending on the severity of the conditions.

Welding of steel often requires epecial properties
of the weld metal to combat corrosion, high.-temperature
degradation, unusualtstreesee,vetc.-onr exampie, metal-
erc_eleetrodes_ha#e.heen hesigned,lwith extremeiynlon ¢on~ "
trolled moisture conféntyfto deposit'alloy~stee1 weld metal
with tensile strength up to '160'000' psi, or up to 250,000
psi in the heat—treated condition. AHigh—strength low—~
-hydrogen electrodes are. used in ‘the construction of nuclsar :

submerines and for ‘the joining of aircraft steels,
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Various arc-welding processes have been devised for
manual, semi-automatic and automatic use using cbnsumable
metal electrodes, with flux added in various-ways. Plux
can be provided through a hopper, or in the torm of a
continuous coating, or in the form of sintered beads, etce.
Sometimes flux protection is used in conjunction with a

gaseous shield of carton dioxide.

. The inert-gas tungsten-arc process is still very
valuable for joining aluminum, magnesium, stainless steel
and elloy steel in thin sheet, and also for Joining unusual
materials., It offers flexibility and good protection.
Howéver, f'or thicker gauges of_aluminum, stainless steel,
‘etc., the ;nert-gas metal-arc process with consumable
electrodes is how used extensively. This latter process
is also being used increasingly for low—alloy steels and
constructional steels, with cesrbon dioxide or argonAas the
shielding gas. Many<different forms of equipment and types
of power source cen now be used for inert-gas metal-arc
welding with consumable electrodes, and the new dip-trans-
fer method using & short arc will probably be utilized more
extensively because positional welding is thereby facili-
tated. A new method of cutfing, sometimes known as plasma-
arc cutting, has been introduced with inert-gas metal-arc
equipmént for aluminum and stainless steel,usipg an argon-
hydrogen, shielding-gas mixture. These methods are much

more satisfactory than the methods they replace.




6l

A very useful constructional method is inert-gas
vtungsten~arc spot welding. The great advantage is that
the joins -can be made when access is available only from
- one side. The. method is used to Join panelling onto a

supporting structure.‘

, The canbon arc is used to some extent still for .

cutting, but its -applicetions for welding are now rather
'1imited. | | |

(c) Gas _Welding and Cutting o
' Autbmatic methods are oW used extensively for

cutting. Complex shapes can be cut using en electronic

tracer, and if the material is thin it can bé stacked to

cut meny layers. ‘@reat thicknesses of steel can be cut

using the oxygen 1ance.' The eteel compéniesiare the,largest

users of . oxygen for cutting, piercing, gouging, 1ancing

and surface cleaning o

_ Manual oxy-acetylene welding- is the favourite of
the small operator because of its adaptdbillty. It is
Astill_the preferredvmethod for gray cast 1ron.

Oxy—acetylene heating is. used for one method of

pressure butt welding of pipes.v
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(d) Other Methods

The technique of shell moulding has been'used in
conjunction with thermit welding for the joining of rails

and reinforcing bar for concrete construction.

The 0l1d process of forge welding has béen used
recently for joining of aluminum and magnesium alloys,
with exceptionally close:control of pressures and tem-

peratures.

A similer process from a different.source developed
from coldmpressure welding is thermal compression welding,
for which controlled elevated temperatures are used to
assist the Jjoining. . Heavy deformation is still necessary.
An important use is to join wire condﬁctors to transistor

semi-conductors.

Cold~pressure welding is used to Jjoin aluminum
électrical connectors, to join aluminum foil to similar
material of medium thickness, and for lap Jjoints in copper,
etc. The materials must be in a fairly soft conditioh.

The main advantage of the method lies in the simplicity of

the equipment.

Induction welding is really a pressure-welding
process thet uses high-frequency current to provide heat
for welding. It is used in pipe-making for the longi-

tudinal seams, and for butt welding of pipe and bar




66

stock. Induction brazing is also well established.'
Ultrasonic welding uses ultraSOnic vibrations to

effect joining at two mating surfaces. It is used -
efrectively to.. join wire or foil to & thick base.

Electronrbeam weldingiuses a focussed beam of
electrons to provide a heating source.' The parts "to be
'welded are placed in a vacuum chamber, and the direction
of the beam ig externally controlled. . Therevhas been a
tendency for 1ncreasing size in the: vacuum chamber to |
accommodate 1arger articles to be: welded. Advantages are.
low distortion and extremely good protection during therV

‘welding operation. _

'} Electro—slag welding offers SOme advantages for -

very thick material. In iact, the advantages of the method

become more apparent as thickness is 1ncreased., Lack of
refinement in’ the weld metal ‘has been one, of the lim1~:é

tations,_though efforts are being made to overcome thls.

Friction welding, to which much attention has :
been given in Soviet Russia, uses high rotational speed |
' and sudden upset pressure to provide sufficien+ surface
friction heating for welding. TheAmethod is_good only

for simple shapes Such'as'bars}'thick—waiied”tuhes; etc.
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On the other hand, energy requirements are low compared

with flash or resistance butt weldinge.

Explosive welding, tried at various centres én
the American continent, uses an explosive force to bring
together the surfaces to be welded. Though only experi-
mental at present, it may in the future offer advantages

for some applicstions,
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Figure 5 - Original Benardos carbon-electrode
apparatus, 1885 A.D. (above), and
early arc-welding circuits (below).
Note the use of a pail of water for
variable resistance. (Reference 15,

Pe3)































