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SYNOPSTS

A study has been made of the eflfects of welding and material
variables on the occurrence of porosity in the tunmsten inert gas
arc welding of copper. The experiments were based on a statistical
degign and variables included, welding current, welding speed, arc
atmosphere composition, inert gas flow rate, weld preparation, and
base material, The extent of weld metal porosity was assessed by
density measurement and its morphology by XK-ray radiography and
metallooraphy. In conjunction with this the copper-stean
reaction hag been investirated under conditions of conbrolled
atmosphere arc melling,

The wvelding exporiments have showun that the extent of sbeam
porosity is increased by increased wuler vepour content of the
arc atmosphere, increased oxygen content of the basc material and
“decreased welding - speed. The arc melting experiments have
shown that the steam reaction occurs in the body of the weld pool
and proceeds to an apparent equilibrium state appropriate to ite
temperature, the hydrogen and oxygen being supplied Dby the
dissociation of witer vapour in the arc atmosphere,

Tt has been shown conclusively that nitrogen porosity can
occur in the tungsten inert pas arc welding of copper and that thia
porosity can be eliminated by using filler wires containing small
amounts of aluminium and Litanium,

Since it has been shoun to be much more difficult to produce
sound butt welds than melt runs it has been concluded thatl the
porogity ascocicted with joint fit up is due to nitrogen entrained

into the arc atmospherc, Clearly atmospheric enbrainment would




also, to a wuch lesgser extent, involve water vapour. I'vom a
practical welding point of view it has thus been postulated that
use of a filler wire containing small amounts ol aluminium and/or
titaniwn would eliminate both Fforms of porosity since these

elements are both stroncly deoxidising and denitriding.
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1 INTRODUCTION

Copper is used extensively in the electrical and chemical
engineering industries on account of its high electrical and thermal
conductivity and good corrosion resistance., The commercially avail-
able grades of copper fall into two groups depending on the presence
or absence of oxygen. Electrolytic tough pitch copper (B.7.P,.)
containing 0.02 to 0.05 weight per cent (Wt.9) oxygen is the most
widely used in the oxygen bearing group and phosphorus deoxidised
(P.D.) and oxygen free high conductivity (0.1%.11.C,) coppers are the
most widely used in the oxygen free group.

Most of the available fusion welding techniques can be applied

to the welding of copper and these are brielly diacussged balow,
Although gas welding is still used to an appreciable extent, Inglis

and Michie (1) point out that most people concerned in copper welding

prefer inert gas shielded arc methods. A much more recent technique,
capable of yielding very high rates of heat input has been electron
beam welding. Several disadvantages however, exist with this
technique. It is expensive and inconvenient since welding must be
carried out under vacuum. The technique is also restricted to

(1)

autogenous welding and as pointed out by Inglis and Michie and

Johnson (2) it is subject to porosity due mainly to cold shutting at
(3 - 8)

the weld root. Carbon arc welding , bare electrode welding,

(9, 10)

coated electrode welding and plasma arc welding have all
been used for the welding of copper, However, the inert gas arc
welding techniques are the most widely used., The two technigquer in

use are the tungsten inert gas (P.1.G,) and metal inert gas (M.T.G,).

The advantage of the inert gas shielded arc processses lles in the




fact that a high intensity heat source coupled with a protective
inert gas shield is available. The high intensity heat source
minimises the need for pre-heat and makes greater welding speeds
possible and the inert gas shield avoids the complications of
fluxes or consumable electrode coatings.

Inepite of the improvements in copper welding brought about
by the inert gas shielded arc processes, fundamental material
problems still exist. One of the main advantages of copper over
other metals is its hipghthermal conductivity. Typical thermal cone
ductivities are listed in table 1 taken from Smithells (11)¢ It can

be seen that the thermal conductivity of copper is 1.6 timea that of

aluminium and 5.5 times that of iron, The high thermal conduchivity

of copper means that high heat inputs are necessary to make welding
possible and except for thin material, pre-heating is essential.
With argon arc welding it is generally accepted that pre-heating is
necessary at thicknesses greater than 6 millimetres, (mm)

Although high thermal conductivity is less of a problem when
alloying additions are made to copper, certain of these additiona
can promote another problem, hot cracking. Copper and copper alloys
are rendered brittle and sensitive to hot cracking il excesgive
amounts of low melting point impurities, notably bismuth and lead
are present, However, the only copper alloy which is notably sensitive
to this defect is aluminium bronze,

A third and serious material problem is the incidence of porasity
in the casting and welding of copper and some of itm alloyd,
Although the widespread use of the inert gas arc processes has

eliminated some of the difficulties encountered, the incidence af




porosity in welds made in copper and cupro-nickel alloys remains a

(1) (12) (12)

major problem. This according to Taylor and Burn

can result in a marked decrease in joint strength. In contrast the
aluminium bronzes and silicon bronzes, where the alloying elements
are strong deoxidisers, are largely free from this trouble, As a
consequence special filler alloys containing small amounts of powerful
deoxidisers such as silicon, manganese, titanium, aluminium and boron
have been developed for welding copper and cupro-nickel alloys
Although use of these fillers has greatly reduced weld porosity it
has not eliminated the defect so that the resulting radiographic
atandards of weld deposits remain inferior to those achieved in the
welding of steel., TFailure to avoid this porosity would suggest that
the basic causes are not well understood and this is the view of
several investigators. (1) (15) Since the level of deoxidation of the
weld pool has proved to be an important factor, the general assumption
has been that the steam reaction is largely responsible for porosity as
in the casting of copper and its alloys. (14) (15)
The present investigation involves a study of gas-metal reactions
and porosity in the inert gas arc welding of copper. The basic aims
have been to identify, the mechanism and gas responsible for porosity
formation, the factors affecting it and possible ways of its elimination,
Two approaches have been adopted to tackle the problem. The first
approach has been a quantitative study of the factors affecting wald
metal porosity under arc welding conditions. A second complementary

approach has been a study of the steam reaction in copper undey aro

melting conditions.




2 LITHRATURY REVIT

In the following literature review the T.I1.G. welding process
will firstly be considered with respect to copper welding. This
will be followed by a review of the physics of the welding arcy
temperature conditions existing in the welding pool and gas metal
reactions in general. Tinally gmas metal reactions and porosity
will be considered for the casting and weldino ol coppers

2.1, PLLLG, PCITTTLUE POR COPRWR HELDTNG

Jith the T.1.0. process direct current electrode negative
is preferred for copper and its alloys exceph those containing
more than 0.5 Wt..” aluminium, for which alt ernating current
must be used. With the exception of zinc deoxidised copper all
the materials reauire special filler alloys in order to improve
wveld metzl soundness. Appropriate filler wires for use by the
7,1.G, or 11.T1.G. processes are listed in table 2, taken from the

(16)

Tnstitute of ‘elding Publication, "Inert Cas Arc Welding'.
In the inert gas arc processes argon is the customary
chielding gas, but for the welding of copper, nitrogen and helium
are possible substitutes. Both helium and nitrogen give higher
anode heat inputs per ampeve of welding current and thus greater
thicknesses can be welded without pre-heat, Although helium in
more expensive than argon in the United Fingdom, a recent review
on shielding fases (A7) points out that it ofiers considerable
ecaonomic advantages eapecially with thiclmesses over 3 mme. Using

argon shielding in conjunction with a current of %00 amperes and
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a weldine speed of 3.3 mm per second, (mn/sec) a preheat of 40000 would

be necessary to achieve an equivalent penetration possible in
heliwn without preheat. Generally helium reduces pre-heat, makes

greater welding speeds possible and simplifies joint design. The

(18) (19)
(1)

use of argon-nitrogen mixtures combines the advantages

of both gases. Inglis and llichie however, point out that

the advantages of argon-nitrogen mixtures appear to bhe relatively
marginal and only provide aminor alleviation ol the heat input
difficulty.

2,2 PHYSTCS O 1 VELDING ARC

The phyaics of the welding arc has been well described hy

2023 R .
( 25) A briel summary of the imporbant

geveral investigators.
factors are given in the following section.

The electric arc used in.welding ig a high current, low
voltage discharge, operating generally in the range 10 to 2,000
amperes and at 10 - 50 volts.

The space between the electrodes of an electric arc can be
divided into three regions, which are represented gchematically
in fig. 1, The cathode fall region is located directly in front
of the cathode, This is an extremely thin layer (approximately
10 ' mm) characterised by a positive space charge. 'This apace
charge causes a ~ery steep local voltage vine arnd consequently
a very strong electric field, The anode fall region, located
immediately in front of the anode hag gimilar properties, In
this region a negative space charge leads to a very ateep valtage

drop &nd hence a very strong electric field,
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The arc column region lies between the anode and cathode fall

regions and occupies the majority of the space between the electrodes.

An important aspect of the arc column is its electrical neutrality,
each volume unit of the column contains equal numbers of positive

;
and negative charge carriers. A consequence of the electrical
neutrality or the absence of a space charge is the presence of a
constant electric {ield in the arc column. The arc column also
approximates to thermal equilibrium as a result of almost complete
energy exchange between the different gas particles present.,

The arc temperature determines many propervties of the arc
column, amongst others the degree of ionization. The degres of
ionization X is defined as the fraction of atoms (or molecules)
present in the arc column in the ionized state. The relation
between temperature and degree of ionization is given by the Saha

equation, which in a simplified form can bhe written as:-

1t

- 5 o)
2 5.0x10 1.0 Y2 oxp. ri/m\
X2 g /

where P represents the gas pressure, i the lonization energy and
, 0" | (22) .
K the Boltzmann constant. Table 3 from Den Ouden ghowa the
icnization energies of some metals and gases. Tt is interesting
to note in tahle 3 that metals have relatively low ionization
energies compared to gases. As a result of this, in the welding
arc the majority of ions contributing to the total current ave
metal ions,

It is also important to consider the dissociation of molecular

gases in the arc, lost molecular gasss dissociate in the ftemparature
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range 2,000°C - 10,0007°C, This is within the temperature range

(13)

of welding arcs as shown in table 4 from Lancaster. The

dissociation energies of gome important molecular gases are piven

(22) (24)

in table 5 from Den Ounden. g, 2 from Imdwig shows

that in the case of carbon dioxide, hydrogen and nitrogen,

S o . ; A0
molecular dissociation ig complete for all three gases at 10,000°C,
inother important aspect of the welding arc is tho thermal
(24)

conductivity of mases present in the arc, from Tudwig

shows calculated values of the thermal conductivity of hydrogen,
nitromen, helium and arpon for a wide temperature range. 'The
thermal conductivity wvepresents the total contribution dus to
molecules, atons, ions and electrons. It can be neen that the
thermal conductivity of all four gases increases with temperature
“he contributions of the molecular dissociation - diffusion -
‘association mechanism in the atomic gases, hvdrogen and nitrogen
are readily observed. The higher thermal conductivity of helium
and nitrogen compared with argon is also illustrated.

Fig. 4 after Clsen (25) shows the orm and temperalure dige
tribution in the column of an arpon shielded tungfaten~copper arc.
The region in which the constricted coluwmn imeets an electrode is
called the arc roolb. The column temperature is highest where it
is most constricted, in this instance near the tungsten electrode,
The spread of the arc has onec important consequence, b resulls in

(26)

the formation of & plasna jet which according to Haecl.er and

(27)

Jillkinson and ldlner flowe at velocitices of the ovder of

-
1.0 J mm, per sccond alons the axls towords the plate slectroda.
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The importance of plasma jets is pointed out by Wilkinson, Salter

(20)

and Milner. They are responsible for metal transfer and for
the transport of gas through the arc to the weld metal surface
and thus play an important part in mass and heat transfer and

gag-metal reactions in general.

2.3 TEIPERATURE CONDITIONS INM 9l YiTD POOL

The temperature of the weld pool in arc welding has been
investigated experimentally fox a number of processes and melals

- (%4-38
(28 34) and indirect mebthods, (%4 ){)

(33) (34)

using direct ‘The most

detailed work is by HMilner ebt. al. which dinvolved
thermocouple measurements in stationary arve melted pools in Tin
lead, aluminium and coppev, They showed Tthat 75 - 80 per cent of
the weld pool was within 300 - 40000 of the melting point but that
there were small regions immediately under the arc at much higher
temperatures. Indirect estimates of pool temperatures have been
made by several investigators for slag-metal and pas—metal reaction
data on the assumption that equilibrium is obtained between whole
or part of the weld pool and either slag (28, 30, %5 ~ 37) the

7
arc atmosphere.) %he overall picture to be derived from the avail-

able data would appear to be as follows

1) Majority of the weld pool is within 300 -
00°% of the metal melting point.

2) A small high temperature zone exists imuediately
under the arc correspondings to the reaction
temperature in gas-metal reactions. The values

(34)

sugpested by Howden and IHilner ares -




Iron 210000, Copper 17OOOC and Aluminium IQOOOC0

Q
(39) have recently suggested

Pollard and HMilnex
e RO . ot
2300°C for COp welding of steel.

j) Steep temperature gradients occur in the 1iquid
pool.

4) Vigorous stirving takes place in the pooal as a

(40

result of Lorentz forces.

Very little published information is available about cooling rales

in bhe weld pool althoush indications can be obtained from full

_ (30) o

thermal cycles. Belten et. al. 7 reported 600 0/mcat 2300 -
PN 4 ANO . A O L _

160070 and 60 - 100°C/sec at 1700 ~150070 in the gubmerged arc

vwelding of steel. It is cerbain bthat the rates of cooling aro
normally too rapid for equilibriwm to be attained at the I'reezing

point prior to solidification of the weld metal.

2.4,  CGAS_HETAL THACTTCNS AMD FCROZIPY TN GE'TRAL

This section will be divided into two parts. [Firstly general
conziderations such as absorption, reaction, vejection and porosity
formation will be reviewed. In the second part a review ol gas
metal reactions in arc welding will be considered.

2 o1, G MERAL CONLIDMRATTICHS

In any fusion welding process gas-metal reactions will occur
between the welding atmosphere and the molten weld poole In arc
welding, in particular, these reactions arve extremely important
since both pgog and metal tempervatures are high conpared with other
melbing processes.

Cag-metal interaction may take one of two lorms, physical

(eﬂdothermic) solution, or exothermic reactlon Lo lorm a atable
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chemical compound. Ixothermic rencltions may be further divided
into three sub grovps, those in which the renction product is
highly soluble in the melt, those in which there is a moderate
degree of solubility, and those producing an insoluble compound.
The {irst type of reinction does not prevent the Tormabion of a
veld pool, but generally causes embrittlement of the completed
joint.  The second and thivd types commonly result in the
formation of a slas o1 a surface scale which may physically interfere
with welding,
ndothermic solution does not inhibit fusion, but can result

in porosity, either due to supersaturation of the weld pool with a
particular gas or by reaction between two gasun, It may alao in
certain cases result in embrittlement of the heat affected zone.
The mechanism ol endothermic gsolution is of particular importance
in welding, especially of a metal such as copper which is susceptible
to porosity formation, and will be further discussed under the
sections: -

2.4.2. ABSORPTION

2.4,%3, REACTTON

2.404, REJECTTION

02.4,2. ATBSORPIION

The solution of diatomic gases in a licuid metal is desecribed

by Sievert's law:-

JT‘T“‘ (1)

i s e D et

(95
i

wheres

§

5 = Scilubility
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P = Partial pressure of gas
K = Constant.
The form of the law indicates thal the gas dissolves in the

dissociated condition, the solution vreaction being: -

G, — (2)

The corresponding equilibrium constant is

. 2
ko= [d (3)
) PGy
where LG] = concentration of gas in the mebal
= Sa

Hencey «-

v

[(;Iz (5] = v/;; (4)

and K in equation (1) is identical with the equilibrium constant:-

Now, K = e - dGs/ g (5)

Where AGs = free energy change of reaction (2)

R = universal gas constant

T = absolute temperature.

For endothermic solution AGs is positive, therefore K and the
solubility increase with temperature. Ag the temperature of the
metal approaches the boiling point; however, its vapour pressure
Pm becomes appreciable and for a total pressure of one abtmoaphere,

the solubility becomes: -

1
5 K Pao (1~ Pm)| ©
Ve

.

(6).

fl

[T e———

2¢4.%. REACTION

The probability of rveactions hetween gas and metal and hetween
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two gases may be assessed by the use of free energy, temperature

diagrams, I'or example consider the copper-steam veaction:

4 Cu+0p = 20u, 0 AG] , (7)

2 H, + 02 21,0 AGo (8)

2

il

Where MG and AGo are the free energy changes for the two reactions.

Reversing (7) and adding: -

Al [ [, I
2 Cu20 + 2H2 = 4 Cu + 2H200

AG, ~AG _(9)
At the melting point of copper (108500)

A G = =163,000 Joule/mole oxygen.
A G, = =338,00C Joule/mole oxyeen,

A‘GQ - A'Gl = = 175,000 Joule/mole oxyren,

Reaction (9) therefore proceedsto the right, under equilibrium

A : . . 0
conditions. Thus copper oxide is reduced by hydrogen at 1083 °C
with the formation of steam.

2.4.4, REJECTION

In almost all cases, the solubility of dissolved gases under-
goes a large dvop when metalsg freeze., Tor this reason gaseous
solutes segregate during freezing. Sesregabion sigifies, there-
fore, localised increases in the gas concentration of a liquid.
Gas bubbles may form in the liquid in those regions where the
concentration of a gas rises above the equilibrium concentration
(saturation value), llomogencous nucleation of bubbles, howaver,

(41)

requires a high degree of supersaturation gince a surlace

with ite inherent surface energy is lformed. Asn a vesullt, gas




bubbles usually form heterogeneously and, in most cases the
nucleation centres lie on the liguid - solid interface, Hucleation
at the interface is also furthered by the build up in concentration
of the gascous solutes at both the general interface and in
hetween the dendrite arms as a vesult of segregation eflfects.

Gas bubble Tormation is a muclesntion and growbh phenomenon,
In particular, as wmentioned above, the formation of the interflace
makes bubble nucleation difficult. lowever, once a bubble has

than its critical radius, its

formed and prown to a =size

rowth becomes progressively easier. 1his fact is easily shown in
| ) . .

i9}

the following manner. A gas bubble in a liquid is analogous to
a moap bhubble, excaept that it consints ol a single Liquidepas
interface separating a sags phase fvom a linuid phase, By analogy

with the soap bubble, we may write

D

~

Pg - Pg = }f

where & is the surface energy, Pg is the infternal pressure in the
gas bubble, I& is the pressure in the liquid and I ins the radius

of curvature of the bubble. Ag the bubble grows in size, ita

radius of curvature increases., As a result, th> pressure diff

ential between the gas in the bubble and the pressure in the liquid
falls. This implies (by Sievert's law) that the bubble, as 1t grows
in size, is able to be in equilibrium wilth a decressing concentration
of gas atoms in the surrounding liquid., Continued rrowtlh of pag
hubblea is also Turthered by the solule concentration pradisnt

which develops in the surrounding liquid as the »ag bubble absorbs

more and more gas atoms, The concenbration [lls toward the bubble,
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causing a diffusion of gas atoms from the surrounding liquid
toward the bubble.

In terms of welding, gas which has been dissolved in the
high temperature part of the weld pool is transferred to cooler
reglons where it forms a supersaturated solution and is normally
evolved. Under normal circumstances nuclei are abundant in the
weld pool, and therefore bubbles are likely to avpear when the
concentration ol gas is about equal to the solubility at one
atmosphere, Dubble formation in molten metal is discussed in
some detail by lowden and HMilner. (34> Their results are
sumnarised in table 6 for hubtons of iron, nickel, copper and
Aluminium arc melted in argon,hydrogen mixlures, IE can be
seen that aluminium is very nensitive Lo small amounts of hydrogen
in the arc atmosphere, 0,04 volume per cent (per cent)
hydrogen giving rise to spontaneous hubble formation in the
liquid pool. Tor copper this level was increased o 6.8 per cent
hydrogen and to 50 and 60 per cent respectively for iron and

nickel,

26D GAS-IUATAL REACTICHS 11T ARC WilLDING

llydrogen, nitrogen and oxygen are the gases commonly found
in netal systems and all three are frequently involved in
reacltions in the weld pool because they are either present in
the original shielding gas or are entrained into it durings the
welding process. In arc welding in particular, they create
bigrer problems than in other metallurgical procegses hecause,
(39)

as Pollard and Tiilner oint out, there are & number aof
¥

factors which cause the reas-~-mabal reactions Lo occur with graalsrp
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intensity. The arc atmosphere is at a high temperature

(ZO,OOOOC) and plasma jets in the arc (velocily 105 - 106 mm/sece)
transport the reactive constituents rapidly to the molten metal
surface, 1In addition the molten metal is highly superheated
particularly over a small arvea under the arc and electromaenetic
forces within the molten metal, transport the constituents to

and rom the rveacting surlace, As a consequence, weld metal

oflen contains contents equivalent to saturation in fthe liquid
state at the melting point.

A series of significant studies on the pas-metal reactions

ceurring in ave welding have been by Filner and hig associabes

O
(34, 39, 42, 47)

2Jand these have yielded not only a gveab deal of
data bub also give an insight into the basic wechanisms
operatine. ‘'he following review is based largely on their

works

2,5.1, GAS ARSORPTION IW TIM5 /ELD POCL

As already pointed out in section 2.4.2, the solution ol
o

- ’
a diatomic gas lite hydrogen in a metal is described by Dieverts

law so that its equilibriuwn concentration at any particular

temperature is proportional to the square root of the partial
pressure. It is also strongly temperature dependent and ashows
an incresse with temperature rise until 1t approaches the vetal
boiling point, At this juncture the increascing metal vapour
pressure produccs first a reversal and ulbimately a reduction

to mero, Hydrogen solubility curves up to bthe boiling point lfor

a number of metals are plotted in Figuve 5, for a hydrogen

AT AT
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(34)

partial pressure of 0.0l atmosphere. Vhen Howden and Ililner
arc melted buttons of iron, nickel, copper and alwwinium in an
argon, hydrogen atmosphere, they found that althoush the hydrogen
content of the molten metal w g proportional to the square root
of the hydrogen partial pressure, it corvesponded approximabtely

Lo the maximum possible solubility, i.e. the peak values in [i

;g Since the temperature of the majority of the weld peol was
well below these peal values bLheyv nroposed that absorption was
occurring in the high temperatuve zone immediately under the arc,
Subsequently 1t was being transported rapidly into the cooler
parts of Lhe pool as shown schematically in fifﬂfgmgi Owin - Lo
the relatively slow rate of desorplion in Fhe pool, the overall
hydrogen content approached that of the high Lemperabure vogion,
This meant that in their experiments the hydrosen content of the
pool exceeded the melting point solubility by lactors of 1.4 [lor
iron, 1.3% for nickel, 3.7 lor copper and 54 for aluminium.

Care must be exercised in applying these results to welding
conditions in a detailed quantitative manner. However, it is
reasonable to conclude that in welding also the liquid metal gas
content will be dominated by the pas absorption occurring in the
high temperature zone under the arc. As a result the weld pool
will be rapidly supersaturated with respect to the partial pressure
of the gas in the arc atmosphere. PIvidence of Lhis can be [ound
not only in the absorption of hydrogen hut also in the absorption

2 ,, I 'r'l
(44, 15, 4G, A7) nickel

O

of nitrogen in the arc welding ol Iron,

(48) (49)

A typical nitrogen absorption curve [low

(44)

and Covper.
metal gas arc welding of mild steel, after Flake and Jovdan,

is shown in firure 7. It can be seen that the observad nitrongen

RSP




absorption is well in excess of the equilibrium value at the
expected weld pool temperature. 'This work is confirmed by
Uda and Wada (47) who showed that the solubility of nitrogen
in arc melted iron and iron alloys was about 20 times higher than
that of non-arc-melted iron and iron alloys. This confirms that
nitrogen atoms produced in the arc result in much greater nitrogen
absorption than would be possible with molecular nitrogen.

The absorption of oxygen has also been studied in detail by

(42)

Salter and kilner for the titanium - oxygen - argon system.
They came Lo the conclusion that the rate controlling process was
the diffusion of oxygen across a stagnant boundary layer of gas

adjacent to the molten metal. They explained their results using

a modification of Ficks law of diffusion:=—

g =__D d&f (10)
R dx
where: — D = diffusion coefficient of oxygen through argon.
ap . o
/dx = partial pressure gradient across

the boundary layer.
R & T = universal gas constant and
absolute temperature.
q = rate of diffusion of oxygen across
the boundary layer.
This model was in accord with the experimental determinations of
time and oxygen partial pressure, which both resulted in a linear
increase of oxygen absorption. They found that the shielding gas

velocity however, had little effect on the rate of reaction. This



i
i
i
I
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was explained by the fact that the plasma jet had a velocity of
>
the order of 10° mm/sec. compared to a shroudinz gas velocity
SN — N

only of the order of 107 mn/sec.

In practical terms the described work means that the level
of contamination of the shieldings gas by hydrogen, nitrogen or
oxyeen in their various forms must be maintained at very low

levels in order to avoid excessive absorption by the weld metal.

2eDee  GAG=lTAL RWACTICIS TN "M t7isli) FOOL

In a detailed study of 00, welding of steel, Pollard and

2Q
(39) have shown that even when complex gas metal reactions

Milner
occur in the weld pool their progress is determined largely by
events alt the high temperature zone at the arc roots. They found
that the surface layers of both the pool and electrode tip rapidly
attained a thermodynamic equilibrium corresponding to a termper-
ature of about Z,BOOOC. The reactants were then transported
rapidly throughout the weld pool and droplets so as to produce

an overall equilibrium in a few seconds. The particular reactions

that they studied included not only the carbon-oxygen inter-—

actions but also those involving deoxidaents.

TN 7N

co, = lc)j+ 2 (o (1)
co = f[c] + (0) (12)
co, + [si] = si0,+(c] (12)
2c0 + [55) = siog+2[c]____ (14)

Since the effective reaction temperature is higher than the actual
weld pool tempevature the pool is supersaturated with respect to
both carbon and oxygen, and so will react to form carbon monoxide

in an attempt to establish local equilibrium. This eifect is




normally eradicated in steel making practice by additions of

deoxidants such as silicon but in welding the high temperature

inevitably makes them much less effective., Their findings highe
light the fact that carbon monoxide formation is a major problem
in the welding of steels and necessitates higher deoxidant levels
in the weld metal in ovder to avoid its effects.

Yhile this work relates to the particular reactions in the
002 welding of steel it is evident that a similar situation exists

in other systems where gasg-metal veactions involve chemical come-

bination.

2.5.%, GAS RETPEDTON ALD POROSITY TN ARC WELDING

(34)

ith their arc melted buttons Howden and liilner
found that between H0C - 75f.of the hydrogen present in Lhe wald
pool w's retained in the solidified buttons. in their experi-
ments it resulted in the buttons containing twice the solid
solubility at the melting point [lor iron and nickel, eight times
the solubility for Copper and 450 times the solubility fow
aluminium. Again these results apply gtrictly to hydrogen=-
metal systems under arc melting conditions but they do indicate
the likely situation in welding because both melting and solid-
ification conditions are comparable.

The formation of porosity in weld metal is a complex isaue
as Salter and liilner (50) show and its characteristics wvary
widely with individual gas-metal systems. In their experimenta
hydrogen wis added in increasing amounts to bthe argon stream
until porosity could just be detected by radiography. 'I'he valugs

at which this occurred for a welding speed of 3 mm/ﬂecse ara




shown in table 7. The levels needed were less than 0,3% for
aluminium and magnesium, 0,7-1.07 Lor copper and 25 - 30% for nickel.
They also investigated the effect of weldins speed (varying the
current to give a constant bead width) on the hydrogen threshold
level. No discermible variation was detected with magnesium,
aluminium or nickel in the range 1.0 - 9.0 mm/sec, however with

“
{

copper the hydrogen thieshold varied from less than 0.5 at 0.5 mm/sea@
to 5 = 5.3 at 9.0 mm/sec, The morphology of the porosity also varied
considerably. 1t was spherical in the case of aluminium, "herring-
bone" in both copper and magnesium, and centre line in nickel, In
all cases the level of porosity at any particular partial pressure
of hydrogen was reduced by increasing the weldin: speed,

In the case of nitrogsen porosgity in the CD,2 welding of abeel,

. (45) : . .
O'Brien and Jordan obtained a threshold wvalue 1-8j but other

e (51) :

workers have suggested levels as low as 0.5 Again the
level of porosity at any particular partial pressure of gas is
reduced by increasing the welding speed,

Tn the following sections gas-metal reactions will be looked
at specifically for the casting and welding of copper and its
alloys.

2.6, GAS=MLTAYL, RBACTIONS AIID POROSITY 111 COPT iR CASTTHG

Reviews of this topic have been made by several authors.

1 52=5¢ ; C . . P g ;
( 4) <) )1) The principal gases lound in copper and its alloys
are hydvogsen, oxygen, steam, sulphur dioxide and curbon monoxide,
. . . C o oL (59)

Nitrogen has been shown fo be insoluble in copper below 14007C,

There seems to be gencral agreement that the most important porosity




producing gases are hydrogen and steam.

i
Hydrogen dissolves in copper according to the Sieverts

D

relationsnip mentioned in section 2,4.2, Table 8 from Omithells

(11)

sumnarvises the solubility of hydrogen in copper for a wide

bions can be subject to

(57-59)

vaviation, confimatory data from lour sources is given,

range of temperabures., since determina
The solution is typically endothermic with the solubility falling
wibh decreanine temperature and showing a shovp decrease alb the
freezing point, i.e. O to 2 ml per L0C prammcs ab M7, This
asudden fall of hydrogen solubility on solidificabion, produces a
build up of the hvdrogen level ab Lhe solid liguid interface and

)

can lead to localised supcrsaturation of the melbe “hen this

'
3

occurs bubbles nucleate at the inberface nnd become enbrappod as

pores in the solidifying metal. Allen (54) Lo roportad think
hydrogen porosibty occurs in cast copper in the lomm of elongated
pores extending to the ingot centre, and can be e¢liminated by
flush degnssing of the melt.

Recogmition that porosity can also be formed in copper alloys
" _ et e (54)
by compound pas fovmation wig largely due to Allen. ° le
concluded that the unilornly distributed pores proesent in
commercial copper which are not removed by [lush degnssing were
due to steam produced during solidification by resction of

hvdrosen and oxveen dinsolved in the melt, 1The governing reaction
. () 1 - [

was as follows: -

I's I N " o
2 }.J + [o) = 10 B (15)
and the equilibrium controlled by the expression: -

4

k- W (o] _ ()

pH20
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where it is assumed that the activity of oxypen cun be taken as
2) LY
weisht per cent. The equilibriwa value of ﬁﬂ '[O\ falls rapidly
with temperature particularly in the rerion of ithe nelting point.
Jonsequently on solidification a build up of the oxygen and
hydrogen content ocenrs at the solid liquid interfuce. bvent-
ually the corresponding internal pressure of waler vaponr exceeds
that for nucleation of bubbles and these form in the wvegsion of
the interface and give rise to porosily in the cast infots  Thin
L N2
type of vesction gas porosibty can be avoilded hy maintaining the[ﬂ]
"
- - - N ) . . . v
LO) product abt a low level and one way ol doing Lhis is by use of
powerful deoxidants such as silicon, almminium and titanium whieh
reduce the value of Lq .
hese congiderations it is evident that porosily can
form in copper alloys either as a result of hih internal pressure
) 2 _
of hydrogen alone or a high =mlue of the (1 (q product, eiving
rise to steam porosity. Important factors for both forms of
porosity ave the hydroren and oxyaen contents of the melt prior
solidification. ‘'me level of these will be determined by the

A
L

reaction of the copper melt with the hydrogen and water vapour in
the atmosphere in contact with it. Under reducing concitions the

oxyeen content will be low and hydrofen porogity will be most
likely but under oxidising conditions the oxveen content will be
» ity w11 o o o (15) :
high and steam porosity will be favouwred. Allen and Hewitt

studied the equilibrium of steam and copper in considerable detail,

They showed that the melt hydrogen conbent wan controlled by the

expression:

Hm = @/75%;) . ~.(17)

Ee——

ON




where:—

Tim  was in mgshydrogen/IOOg,
pH,0 in atmosphere (1 atmosphere = 760 mm mercury)

and (Cq in weight per cent.
\

Values of A for various temperatures are given in i'ig 8. They
also examined the relationship of hydrogen and oxygen contents of
a copper melt in equilibrium for constant water vapour pressure
and varying temperaturve, 'The effect of incveasing the femperature
with an atmosphere of a given steam content was o increase the
hydrogen content of a melt, A rise of 100°C increased the
hydrogen content of the copper by about 50 per cents They also
faund no cornnection between the oxypen content ol the melt and
the amount ol porosity in copper buttons which supports the
opinion that, provided the copper contains enough oxygen to react
with the hydrogen present, the porosity of the casting depends on
the quantity of hydrogen in the metal.

Pormation of other reaction gases in copper alloys such as
sulphur dioxide and carbon monoxide have heen reported by tloe

(61)

. 60 : s ‘
and Chipman (60) and Pearson, Baker and Child respectively,
In copper nickel zinc alloys carbon monoxide porosity resulting
from the joint presence of carbon and oxygen 1n the melt seems

to be of considerable importance.

2675 GAS-MITAL REACTICHS AWD POROSTTY IN Ti
WELDING 0F COPPER AHD IT3 ALLOYS

(1) (12) (13)

Published literature leaves no doubt that in

the abusence of deoxidants such as alwainium, titanium,
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silicon, manranese and boron soveroweld metal povosily is un-

1

avoidable in the inert sas ave welding of coprer, Turthermore
i

the radiographs and microgsraphs indicate thot the porosity in=

variably teolies the form of randomly distributed apherical pores.

Understbandably the general assumption has beon that since oXyE
ig an important factor the steam venction is lavouely responaible

for the porosity as in the meltine and casting of coppor, Some

L. . . . . : Lo (62 .
gupporl for this view might be ~aincd fror Barbles (62) atudy

e

of veld heat affected zone poroniby in the inerl s are velding

of touneh piteh copper where the porosity war present an gpherical
2l

pores assoclated with cuprous oxide inclugions and dependent on

3
i

the oxide content of the metal, Tn a later paper by Taylor and

(12

L

Burn, ) Aartle gave a contribution of some wor't at Hod..i.i,
(now Yelding Tnstitute) which showed a correlation between oxide
particle size in the parent metal, and the occurrerce of severe
edpe of weld porosity in the weld metal of welds made in tough
pitch copper, this porosity having a deleterioun ofifect on strength.
Lancaster (15> has reported that snalysic off the as in the
pores of copper welds reveals hat it Lo lavoly hvdrosen, o view
also held by Taylor and loore. (63) The gimaltarceous rrasence
of both oxygen and hydrogen in the weld ponl han vet to be
explaincd.

The vost sigmificant contrilution to the ~ludy ol rarenotal

veactions and porocsibty in the inert ¢an arc volding of capper wan
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(33) (42) (50)

by Milner and his associates, This work has

already been described in section 2.5.3%. where it was shown

that in the case of copper as little as 0.70 - 1.0 per cent hydrogen
in the arc atmosphere wis sufficient to cause porosity. This is

a level of hydrogen which could occur under practical conditions

due to contamination of the arc shroud with water vapour or
hydrocarbons. This might not only suggest the formation of hydrogen
poresity in practical circumstances but also explain how in the
presence ol oxygen the steam reaction can occur in the weld pool,
(50)

Salter and Milner also found in the case of copper, in

particular, an interaction effect of hydrogen contamination and
welding speed. The results are summarised in i, 9 where the
porosity level is assessed by density determinations, [IL can he
seen clearly that hydrogen porosity is less likely at higher
welding speeds.

Radiographs of these welds revealed the typical "herringbone"
porosity already described. This would suggest that hydrogen
alone is not responsible for porosity in copper welding since that
found in practice usually takes the form of wounded pores.

\ X e o . . (50)

Another point of significance from Sal ter and liilner's
results is that sound melt runs were achieved, in the incrt gas
arc welding of copper, with relative ease.

It has been considered that nitrogen csn be usocd as a shielding
gas for welding copper without special precautions because 1t is
, . : o, (55) - :
insoluble in copper below 1400°C and the possibility ol

(18) (1)

substituting nitrogen for argon has been inveslhigated,

(64) (65)

llowever, copper nickel castings produced by Ahmes and
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(66)

Maln were found to be nrone to nitrogen vovosily when melted

(66)

B

in an indirect arc furnace. As pointed out by Ahnes and Khan
if nitropen is rresent in the disrociated or monatonic Torm
by orosity i il | oo . (49)
nitrocon povosity in a poscibilitye  Also the wor't of Hobavashi ‘
showed that in the metal inert cas ave weldine of copper, porosity
wag produced when 0,7,7,C. filler vire wan vned in srgon, nitroren
mixturees.  Mis poronity wen subsequently veduced and totally

reroved Ly the addition of titanium bo the weldins wirve. lwvidence

of this isg showm in fig, 10(a). i, 10(b) also shows an increase

in weld metal nitrogen content with incroasing Litanium and with
inereasing nitrogen in the arpon shielding rao,
Tt could be arsued that titanium actn only 2s a deoxidiser

i hrns

to counboract stemt poreosiby present from !

40
. N Coas
felt however that the worl of Fobayashi (49) strongly indicates

that nitrosen porosity is likely to occur and warrants further
it A

investication. In this respect it is worth considering sone work

. = . L e .
on niclkel. TFense, Brien and Legrand (1%) showed that ags 1ittle

as 0,20 nercent nitrogen added to the helivm shielding fas wan

sufficiznt %o cause porosity in commercially purc nickel nelt

(67)

.

runs,. 'ilner, also working with nickel, showed that butt

1

wvelds exposed at the root to the afbmosphere were porous vhoroan

tishtly clamped backed welds were much less poroug,
B I

¢
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3, INVESTIGATIONAL WORK

(583}
|

here is clearly a need to investigate the nature and

£

origin of weld metal porosity in copper. The indicabtions [rom

the literabure ave thatl it arises Crom the occuvrence ol the
copper — steam veaclbion in the weld pool. Althoush additions of
deoxidising elements markedly reduce powosity they do not eliminate
it. This supgests that the eflect is neither well undevstood nor
under control. Inaspite of the fact that nitropen dis virtually
ingoluble in copper and hag becn used as a shieldine addition,

oo could be a

evidence ig available which sugrests thal this g
possible souvce of porosity in the arc welding of copper., Libtle
work hag been caryied oulb on the elfect ol welding variables on
porosity formation. Since inveotirabtors who have aimulabed welding
by the use of mell or bead on plate runs have had little trouble
producing sound weld metal there would appear to be mom2 effect
due to welding set up.

Two approaches were used to elucidate the mechanism of
porosity formalion in the present work, The [irst involved a

quantitative assessment of the effect of welding parancters, and arc

atmosphere and plate composition with a view Lo detormining Che

sipnificant factors affecting porosity. In the lirst instance this
was carried out using melt runs and butt welds in the tungsten inert

gas arc process, To maximise the information to be pgained [rom
these cxperiments the statistical technique of factorial desirm wis
used involving two extremes of each of the variables Lo be consider=

ed, Subsequently specific expeviments were carvcied out to provide

details of iniermation with factors which emerged as a8

m

iemilicant,




The second arproach involved a study of the copper-steam
reaction in the weld pool under the conditions ol arc welding
using buttons of copper melted in a box using a tungsten electrode
and variable arc atmosphere, The reaction investizated was that

-
of Allen and Jlewitt (1)>:~

£} + —
2 { ] melt [O] melt o (1[2())

It is anticipated that this will elucidate the mechanism of the

steam veaction in the weld pool and indicate what part it plays

.

in porosity [lommation in the arc welding of copper,

<

OTACTORG AR 1PCTTHG
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3 L. QUANTITATIVE STUDY O T
SID TTAL POROSTTY I M THE
Ok COPPER

i

i

The first stage in the investipation was an examinabion of
the porosity occurring in practice, and a quantitative assessment
of the influence of the main welding and material variables. A
review of the problem and previous published work relating to it,

suggested that the following variables warvranted study:-

i) Deoxidised state of the parent metal,
ii) Composition of the shielding FAS,
iii) Bificiency of shielding gas coverage.
iv) Veld preparation,

v) Welding current,

vi) Welding speed.

vii) Welding voltage,

In view of the large number of varlables and their probable

interaction, it was decided to conduct a series ol experiments haaed




on o statistical desigm. This permitted both concurrent
varintion of the =zelected variables and the obbaining of the
maximum inlowation from the exneriments cavreicd out. 'The
techninie adophted w-a factorial desiymn which ic adeauately
(60)

explained in Dovies. The test results were exardnoed by

analysis of vavisnce unsing the ICL 1905 computer s tatistics

packacc, 1L wrs decided to sclect six of the variables and Veep
voltage conslhant, its »nin offeet probably heine Lo altew shiclding
eas Officiunty which is alrveady covered, Tuo lovels of ecch of the

P
e

variables were chosen, his reprasents o (64) experiments,

o]
[
<

The number of experiments wos reduced by usine o standard hall
replicate, The statistical denisn {or Lhe 42 experinents 1o shown

in table 9., Initially two levels of plate conposition were selecled,
electrolytic tongh pitch (5.7.P.) and deoxidised high phosphorus
(D.H.P.) in ovrder to give two levels of oxygen and include the
normally used deoxidised state. At a later stare oxymen free high
conductivity coppexr (0,7.71.C.) was also included using a quarber
replicate analysis, the design of which is showun in experiments

1 -~ 16 of tahle 9, Addition of witer varour to the ashielding pan
was chosen as a variable since this would provide both a source

of hydroren and oxygen as well as representing a practical variable,
Shieclding mas efficiency was varied by adjusbment of the incert gas
flow rate, Inclusion of melt Tuns and bubt welds an weld preparations
was done not only to assess its importance hub also to asuint

enbablishing of conditions for laboratory work representative of

welding practice,




o
elol,  SEVERITEITTAT, PuCinT U AD BOSULTS

In principle the exveriments involved makine full
penctration weld runs in 3mm thiclt copper plote waing the Mo l.Ge

antoronous welding procesn at two levels of sach of the six

selected variables, (n the basis of previons vork with Cu-Cr

(69)

sheet o enccimen plate size of 3CO rm x 500 mm ovas ta'ten

ac rerronenting an acceptable approzination to mwi-inlinite plate
conditions. (Mo 150 v x 300 mo nlates for bubt xae]x1n¢> Jeldinm
was carried ot voine the direct cuvvenb nrocens by Lraverzing the

weldine torch along the centre line ol the plates, these heing

A : ins abvip,  In the

wped ricidly in a Jig wvith a thin copnern D

anid The odros

case of bLhe bubtt welds, closed squave bubbs wore s
of the plates werc cleaned by scratch Lrushins.  In order Lo »revent
veld cracking the butt welds were taclhed at each cnd prior to
welding., Plate surfaces were olso cleaned by scratch brushing prior
to welding.

Preliminary cxnerinents were conducted to cotablish gsvitable
combinations of current, voltare, weldings specd and ghielding rag
flow rate, MHirh purity arron (9999997) woe used o the avielding
pas ond witer vapour introduced by bubblins throush water al room
temperature, A level of (O00Y g/litre wog chosen as the upper
1imit, and this wis obtained by mixins atreans of Mwet and Ydry™

arron in suitable proportions. In cach can: Lhe oreter vapour level

wos checked by means of the —eisht chanoe of throoe cqaleium chloride

v

corien, Doteils of the levals of Lhe voriables in the

gericn of exnerimentn are civen in fable 10, The order o oxXNGie

s s e At e




mentation for the halfl replicate was carried out in a random
mamer. This is necessary because, with experiments done
sequentially, there may be a trend in some parameter throughout
the scquence of trials = the ambient temperature way be riging, an

instrument may be deteriorating or an operator's skill may be

increasing. These are all things trivial in themselves but should
be guarded against in proper experimentation. In order to
minimise these effecls it is a useful safeguard to randomise the
experiment., In all the experiments the porosily of the weld metal

was assessed by Keray vadiography and carvcelul density determination

and the oxygen content was defermined by vacuum fusion analyais.

Details of the experimental rwesulbs fov Lhe half replicate
experiment are given in tablell. An snalysig ol variance wasg
carried out on the density results to determine which of the single
factors and which first order interactions significaptly alfected
the weld metal density. A summary of the calculated gigniflicance
levels is given in table 12 where 1t can be seen that four of the
sincle factors and six of the first order interactions achieved the
1 per cent significance level., An estimate of the magnitude and
sign of the effect of all six single factors on weld metal density
is shown in table 13, These fipures were calculated as the giflference
in me'ms of poing from a low to a high level of each of the six
variables.

In reneral porosity is increaned (dennity decreanod) by
increasine wober vapour content of the sghielding arpon, and by

o m

changing (rom Db to m.T.P. copper. Porogsity is raduced (denaihy

(e}
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increased) by changing weld preparation {rom bubt welds to melt
muns and by incrveasing the welding speed. Over the range examined
neithier current nor argon flow rate have significant effects on

1

porosity. O the simmiflicant interactions the most important
eflfects would be those associated wilth the simificant single

factors, namely: water vapour - welding speed, oxygen content -

waterwpour, veld preparation - welding speed and oxygen conbent -
welding apeed. 'These interactions arc examined [urbher in the
next sections. Fxamination ol bthe weld radiographs showed that
the porosity was invariably in the form of scabtercd spherical

pores and metallographic studies ol weld metal secbions showed

that some of Lhese porves were iated vith oxide inclusions,

This feature is illustrated clearly in fis. 1L, which shows weld

metal porosity in some cases associated with the Cu/Cu?O eutectic.
This micrograph was taken from weld number 5 which was an TP

butt weld. In contrast fig. 12. shows that the edge of an L.T.T,

W e

melt run (experiment number 8) was virtually [ree from porosity.
The weld metal in this case was also free from porosity. In order
to gain more evidence about the nature of the porogity, melt runs
were also made with ©.7.F. and D.P. plate with a shielding gan
atmosphere containing 2 per cent hydrogens The D1, P, sample
showed the characteristic herringhone Lypa of porosily on solidi-
fication with elongnted pores streteching from fusion line to Lhe
weld centre line. By contrast the T, 7.Pe sample | roduced a groal
deal of apluttering during welding and secabiered splisrical porosily

on golidificabion,




5ele2. TN ERIICT O BAST AMTRIAL

In order to extend the range of banre materials in the
survey, eight weld runs were made with 0.7.H.C. copper plate
under identical cenditiong to the eight runs nade with DJILD,
in experiment numbers 1 to 16, This enabled a quavter roplicate
to be carried out comparing O,V 011,C, with E.T.7". The results of
the welds ave given in table 14 together with the complementary
BT, fiiures.  Analyais of Lhese data showed Lhnlh bhe sipmifli-
cant aivele factors were the name as thosne in Lhe exporviments
involving L,i.1T. copper, beins similar in sirm and magnilade,

A estimate of the eflfect of walter vapour content and base
material can be made by considering the data from the 40 welds
ao Tar carrvied oub., The dilferences bebween bthe mean denazilbien

for low and high water vapour levels for Lhe three types of

copper are given below: -

DL, 1.08 g/cc
0.F.H.C. 1.62 g/ce

R O 2.22 g/ec.

TFrom these figures it can be seen thatl the effect ol water vapour

on porosity increases progressively with D ILP., O,"IL.C., and B.TPeq
The initial oxygen contents of the different grades ol copper

were 0,035 Wt.% for E.T.P. conper, 0,0003 Wt% for 0,1°.11.C, copper and
0,0010 Wt,% for D.H,P,, The lattey also contained 0.04 Wt .9 phosphorus.

Zeleds THE INTERACTTION O JELDING SPEED ATD WATER
JAPOUR TIT P ARGOT DHWMITDING GAD

3

A geries of weld melt tuns waere made in 3 mm Lhiclkmesas

0,7, 11,0, copper ( 300 mm ﬁquare) sheot o lour wvelding apsedsn




Y-

( 2 = 8 mn/sec.) and five levels of water vapour (67 -

1340 volume pavrts per million) at a constant argon Mow rate of
14.25 litres per minute. The 1340 v.pm.nmixture wos made up as
previously described however the other mixtures were obtained
from British Oxygen Company (special gases division) with
certificates of analysis which were guarunteed for one thivd of

the cylinder pressure, In order to obtain Mill penetration

runs the currents were varied {rom 265 - 365 amps in Lhe knowledge

that curremt had no significant effect on porosily. The vesulla

of these tests are plotted as densily amainslt water vavour

content lor the four gpeeds in [iy 172, While in all caaes

S, S PEPENESPRSS. Y

ed with increasing waber vapour conbent

the porosity increas
there is clearly a very marked speed effcet. AL any particulaxr
water vapour level the amount ol porosity decreases as welding
speed increases, There is a threshold level oi water vapour

for porosity which increases with speed, reaching over 500 v.v.m.

at a speed of 8 mm[mec.

2,1.4. M5 IHPRRACTION OF WATER TAPOQUR 11 DTS ARGOM
SUTELDING GAS Al TASE s ATHRIAL

lelt weld runs were made in B.PT.P., 0.1, C. and Deif l.
copper plate (3 mm x  300mm x 300 mm) with argon water vapour
mixtures containing 135, 260 and 540 v.p.m. water vapour at a
welding speed of 4 mm,seo, and argon, water vapour {low wate of
14,25 litres per minute., A current of 325 amps and a voltagse of

11 volts were used, In this section and the “ollowing welding

- .

sections u diffterent bateh of 6,71, copper conbaining 0,028 wi ¢




ovypen wans used.  The results ave plotted in Lerms of density
and vater content ol the argon for the three materials in
fiwure 14, In general the trends conivm the aralvsis of the
40 welds alrecady described wibh a progsressive incrense of porosiby
at each wvater vapour level with change fvom .7 P. to 0.0 H,C,
and B.T.FP. lowever, there is a change of behaviour at the
o

hicher water vapour levels with B.T.P. copper agince bhis mabterial

exhibite a drastic incrense in povosibty,

2, eHe NS TR UEHACTION Ow 2AL O A LLALD

AUD WELD NG SULEED

T

Felt runs were made in .71, C.F.IL.C. and DT, conper
plate (3 mm x 300 mm x 300 mm) using an arron, 540 vep.n, waber

vapour shielding gas at a [Mow rate of 14,25 1/1’.":1‘.m The weldingm

speed was varicd in the range 2-0 rm/sec and currenbs in the
range 265 to 365 amps were used with a voltage of 11 volts.
To avoid repetition correspondine results already obtained in
section 3.1.7. and 3.1l.4. were again used in this section.

e results ave plotted in Lerms of density and welding
apeed for the three materials in fifurc 15. 1t con be ceen {for
all three materiels that increasing the weldiug speed resvlts in
increased density. At all Jour speeds E/P.T. copper gives the lowest
density values, hasever the densities of D.U.P. and 0.1 H,Ce copper
are very similar except at the lowest speed of 2 mmi gec, whon

D H, P, pives a higher density than O.F.H.C,

>




Z,1.6,  THE BEFECT 0¥ WELDIPG SPEAD ON THS
COFPER-STEAM RAACTION

Tn order to examine further the effect of speed upon the

steam reaction, melt runs were made in ©.T.1'. copper (3 mm x
200 nm x 300 mm) using a 2 per cent hydrogen—argon shielding

sas at 14.25 1/min for nine welding speeds botween 4 and 20 mm/sec.
The welding current was adjusted in the range 325 to 570 amps to
maintain full penetration and a constant voltage of 11 volts v
used throughout., During welding vigorous bubbling toolk place in
the weld pool and the resulting weld metal showed the typical
random spherical pores associated with the sabexm rezction. Vacuum
fugion analysis of the weld metal confirmed thal the oxyren contant

of 0,026 W%,

had been avpreciably reduced below the initinl leve

he weld metal oxyren contents are plotted apninst welding speed
in ficure 16, At low speeds the oxygen cont tont woe reduced from

0,028 to 0.012 Wt.% but with increasing gpecd the weld pool oxygen
content Tose to a value of 0,02 MW, % at 10 mn/sec.  arther increuase
in speed brought no further chance so thak the roduction of 0,008 Wt.%
in the oyxgen content must represcent 2 Linmiting vrlue,

5.1.7, 108 THPGRACUTON OF WRIDING SIiky
AT WHLD PAEPARATTON

e e it

Phis interaction was examined in the hope vhat it would

elucidate the reason for the porosity encounterasd with butt valds,

B, P, copper wags chosen becouse of its being most sonsitive to

poronity and the arfon #low rate wis increased bo 22 1/min. to

eneure mMaximuwn coverase of the plate surince. liedlt runs




and butt welds were rmade for welding speed of 2, 4, 6 and

mmfsec. and currents of 265 =365 amps, the shielding gz

jev
o

being pure av-on. Acain a tobal welded plate size of 3 my x
200 x 0 A0 mn wes used and 2 conotant coltare of 11 volts,
Butt velds were prenared in the manner described in the frctorial
exporiments.  The results for both types of wald nyoparation arc
plotted as dencity and welding specd in fipure 17.  “he pelt
rung renain sound for the four speeds vhorens the butt welds
ghow inercasing porosity as the apeed rises,  This incronned
elffect with higher specds is the revevse of that encountered with
the welding speed - water vapour interaction and nsugpests a

different type of porosity mechanien, It is interesting to noto

[hob the densities of the B,1.1°, Lubl welds in biis gecltlon v

considerably higher than those obbained in scction 3.1.1. A
diflerent batch of ®,T.F., havinge a lower initial owygen content

(0,028 Wt.% compred with 0,035 Wt.%g wis used in this sections

his emphasizes the deletevious effoct of oxymen already mentioned,

562 TR QCAUNRIICT OF JTTHRCGTUT FORCSLEY 0T TS
T, A0 wLBIHRG G COFTHL

M stotiotically designed exporiments revealed that butt
welds produced in the absence of any added wiler vopour vere
porous in contrant to melt runs. he sirnificant intoraction of
velding specd and weld preparation also indicated that the amount
of porosity inereased with increased velding: gpeed, ‘Thio sumooeta

fhat butl welds involved entrainment fron the ave abmosphere, the

arount increasing with velding gpecd. Thin could obhviously involve




water vapour but would certainly involve nitrogen. Although the

publishied data for conventional melting conditions indicates no

(49)

e O . . . o
solubility up to 14007°C the vecent work of Hobayashi Tor M. T.0G,

weldine sugrests Lhab nitrogen porosiby cun cceur under arc welding

t

conditions. Accovdingly it was decided to investigate the i
occurrence of nitrogen porosity in Lhe T.L.G. velding ol copper, i

3.2, POIGHTTY TN HITROGHN SHIELLED T.1.G.
WELDING OF COPRER

Come prelininary experiments were conducted wibth nibrogen

a

shielded T.1.0. arve welding of U.#.1.C. copper sheel because of
the possibility of nitrogen porosity playing an baportant role in
welding. Felb runs were wade at speedsol 2, 4, 6oand B mm;;‘:ung

vith currenls of 265 — 365 amps, 11 vollbs, and nibrogin flow raben

rve waLlerial, a

of 14.25 1/min. Iu order Lo cons

smaller plate size of 3 rm x 3500 mn x 114 mm woe used throughout

the nitrogen welding experiments.
. o (19) U
Ac the work of Fobayashi had superested apprecinble

weld metal porosity was obtained. The rerulbn ase plotted as

re 1o where il can be geen

density against welding speed in [i

that the exlent of porosity decreases with increaning speed.

Mhis would appesr to confirm that the nitrvogen effect is a typleal

ras-metal reaction because the change wilh cpeed is sinilar to

and with hydrogen

that obtained with witer vapour,

-
. . e ()U)
in Salter and | ilner's work .

Y S . Loy ey T o 3 i" (1 s pf-n«.(\(] (il § '[)(i‘ CCJI’lSj (].Bff'?lbl‘)l‘
The moiphology of the poroslly GLIlTETEE i

from the gpherical porosity due to witer vavonr and the herrincbone




poronity due to hydrogen as can be seen in the radiographs in

fisure 17. licrosections from the weld mebtal also showed an

wnusual distribution with a clearly delined region of coarse
porosity at the surface and fine porosity in the weld met al

interior, figure 2C¢. While there is little doubt thal nitrogen

porosity con be distinguished in its severe form with a 100 per
cent nitrofuen abmosphere, it micht not be posaible to identily

it when it avpears to a small extent. Tous porosily arising

from small amounts of nitrogen entrained into the shiclding gas

misht easily be confused with steam porosity. For this veason
it was decided to conduct further expevimonts nsing T.1.G. and
P.T.0, plus Miller wire welding tec niquen to detevnine the
offects of small additions, up to 1.0 por cent, of nitrogen to
the argon shielding gas.

SRALL CTTROGEH ADD]WIOUS AVD
m DESITY o1 TL.I.G. Jul DD COPPLR

%,2.2. DrFECT CF
YRILDING SIS SD On

2, 1.G. melt runs were produced on 0. .C. copper plate
at weldins speeds of 2 and 6 mm,ﬂec. and currents of 250 and

315 amps respectively. A constont voltage of 11 volts and gas

flow rate of 15 1/rin was used throughout, Accurately c alibrated

rotameters were used to make up argon, nitrogen mixtures in the range
0 to 1,0 per cent nitrogen (super pure). The melt runs produced using
these shielding gas mixtuves were cxamined by radiogruphy,
stallography and density determinations. Fisure 21 indicates
clearly the ef’cct of nitrorsen and welding speed upon the denaity

of 0,111.C, copper melt rns, It can he meen that as lLittle as



S

wOm

0.1 per cent nitrogen added to the argon shieldins cas is
sulfficient to produce porosity at both welding apeads. Tor any
miven level ol nitrogen in the argon, incre«sings the welding
speed reduces the anount of porosily. Radiogvraphy and met:d lo-
graphy revealed that the porosity was identical to that obtained

in Fienre 19(») of the previous section,

In an attempt to confirm that the povosity in these welds
was nitrogen pas, vacuum fusion analysis was cearried oub on a
gample of the weld produced using o.4 per cont nitroren in argon

at a speed of 2 mm/ﬂece 45622 g. of this weld metal was lfound o

contain 0.1% cc of nitrogen. Assuning that =11 the porosity present

in the weld metil accounted for bhe nitroseon the following

calculation showed that 0.13 cc of nitrogen would bLe found in the

weld metal:-

density of copper = 8.9 g/ecc

6.6 g/cc

density of weld

% Unsoundness 26, /%

it

t, of sanple used in analysie = 4.56 g
s .Y.Q—]-W: N(_’LS' ..};.C..Q_
Assuming all porosity is nibrogen at N.T,P.e~
* Vol Nitrogen = 26,4 x 0,51 = 0,13 cc
TOO
Unfortunatoly, the equipment used in vacuun fusion analysis
measured nitrogen by difference and although the above strongly
inferred that the porosity w-s due to nitrosen it wie not direct

evidcence, For this reison advantage was ta'en of a ampecial




technique available at The Yelding Institute for analysis of

gases in poves. The technique,which is described by Carter/

ol the evolved gas by use of a small mass snectrometer. Two

to contain 91 and 94 per cent nitrogen.

N
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(70)

involved Tracture of selected pores under high vacuum and analysis

regions of a sample of the above mentioned weld matal were found

to the argon shielding gas cause nitrogen porosity in the weld

nitride forming elemants fwo comnorcially aval

respectively.

2 mm/sec., was used in conjunction with a wi

i
o

. . . e
at a feed angle of anproximately 50
Uigsine nitrofil sound welds were obtained thrvoughout the
sing nitrof

nitromen range whereas arcof il romal bad

level of 8.5 o/cc,

‘"The previous section has showm thal small nitrogen additions

S Hns,

metal. To investigate whether this porvority could ha reduced by
Lable filler wires,
nitrofil (C(m baining 0,20 Yt.% aluminium, 0,10 '.;"tsf)(w titan :’m,n‘n) and
areofil (containing 0.18 'it.% silicon, C.23 Ut.0h manpanese) wore
used to produce bead on plate runs on 0.'.'N.C. copper. The two

wires represent sources of strongly and mildly denitriding additions

Fitrogen (super purity) was added to the crson shielding gas to
nake up mixtures in the range 0 to 1 per cent nitrogen using an
overall [low mate of 15 1/min. A voltage of 12 volts wan cmployed
and a current in the ranre of 240 -~ 275 omps. A welding speed of

re feed speed of 20 mm/nmec,

in a fall in denaity fto a

These resulte are illuntritoed in £l:g£gw§g




b2~ p
where weld metal density is plotted asainst the nitrogen content
of the shielding mas.  Althougsh the avpofil welds were porous i
i
turoughout the nitrosen ran o they contiined lezs porosity than |
|
it
the corresponding Gl 'L.C. T.T.G, velds shoum in figure Z1, This
indicates that, to a limited extent, argofil ~loo acls as a o
. |
denitrider, 4
i
F.2s4  COMIROLLIED AT OB A0 v AT G Gul LG,
COPRwt T Ul ARGOI LT 06 T AP OB e

Tt hag been demonstrated so far in secbion 3.2, thint
nitrogen absorbed from the arc atriosphere resulted in porosity
in the weld pool, Controlled atmosphere arc nmelting ol copper
in an arpon nitrosen nixture has heen covried oul to invostignte

the efiect of nitroren in an arce melting sibtuotion. The

experiments were carvied out in an arc nelting bo¥ which is
described in detail in the next section. 0.0 .0.C, copper butltons
were avc nelited for periods of 0.5, 1,2 and 4 minmtes in an argon

1 ner cent nitrogen (supcr purity) mixture at a flov rate of 10
litres per —inute. A current of 300 amps and 11 volts were vaed (or
the four melts. The results of Lhese experimente nre given in table
15 torether with the rers ulte of ginilar experincnts using super pure
argon as the shielding ias. "he density measurenents are shown agalnst
arcing time for the two atmos spheres in ficnre 25, Tt can be seen

that 1 per cent mitrogen reduces the density to about 0.3 g/cc

compared with the sound melts in super puve Aol
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553, THIS STHAM REACTION IN COPPER UNDER ARC METTING CONDITIONS

The T.7.G. welding experiments outlined in section 3.1.
showed that the presence of water vapour in the arc atmosphere
resulted in chavacteristic steam porosity in the weld wmetal. The
extent of the porosity was dependent on, the water vapour content
of the arc atmosphere, the oxygen content of the base material,
the welding speed and interactions of these [lactors. In the
case of .1V, copper the presence of hydrogen in the arc
atmosphere resulted in the steam reaction occurring in the weld
metal, the extent of this reaction decreaaing with inecreased
welding speed, These findings suggest very atrongly that the
occurrence of the steam reaction in the weld pool is a porosily

producing reaction. Although the welding experiments gave a good

insight into the factors affecting the extent of weld metal porosity

‘they did not indicate the mechanism responsible for its formation.

To elucidate this mechanism a series of arc melting experiments
were carried out under controlled atmospheres. The technique
involved the arc melting of copper buttons in a {low through
system using atmospheres of lnown compogition. After arc melting
the buttons were analysed for hydrogen and oxygen and the poroaity
produced was assessed by radiography, metallography and density
measurement.

~

3.3,1, IXPERTENTAL TECIGITOUL

The arc melting experiments were carried out in a controllad
atmosphere arc melting box, the essential features of which are

shown schematically in figure 24(a), The box conamisted of a




stainless steel casing, a copper anode and an ad justable tungsten
electrode. ‘hese three components were all wuler cooled., The

total volume of the box was 4.85 litres., A rotary pumnp and an

oil diffusion pump enabled the box to be evacuated Lo a preasure of

1.316 x lOm7 atmosphere. Windows were attached to the front and aide of

the box for the purposes of illumination and viewing. The atmospheres

under investbigation were admitted into and out of the hox through

two attachied valves, Direct current (electrode negative) was

supplied by a hiller welding set and arc welbing currents and

voltages were neasured using s dual pen Scrvoscribe vecorder,

A photograph of the arc melting bhox and associated squipment is

shown in Cisure 24(b),

Initially it w:s proposed to carry out both flow through
and closed box arc melts. After much effort it wins decided that
the closed box experiments were impracticable. This was mainly
due to the fact that arcing in pure argon in a closed box
resulted in melting of the thoriated tungsten electrode with
resultant unstable arcing. In contrast when a flow through
gystbem was used the arc melting parameters were stable and nuch
more control was available. Also copper buttons melted in a flow
of pure argon were bright in appearance and chemically pure.

The obhject of the arc melting procedurs wag to provide a
technique whereby buttons of copper could be arc melted under
controlled atmoapheres, To study the copper-ateam reaclion 1t
was decided to use argon containing low lesvela of water vapour

as the shielding pgas., As in the welding experiments this represenhs




a practical problem which could bLe encountered in velding practice.
For this purpose argon vater vapour mixtures up to a maximum of
540 v.p.m. wvater vapour were obtained from B.0.C. special pases, A

certificate of analysis was supplied with each of the gas cylinders

and the water vapour level was guaranteed for one third of the

cylinder pressure,

Phe melting procedure tried firet,; with the help of Howden &

o\
I € 7D B . . , _
Filner's vori, was found to be successful. The procedure was

initially to evacunte the arc melting box to a pressure of 1.316 x

10 ! atmosphere lor fifteen minutes, After thig period the atmonphere

.

uider investigation vas admitted into the Lox to a pressurs Just over
atmospheric, ‘“he box wigs then again evacuated to 1,316 x 1ON7
atmogphere. This procedure wns then repeated, Alter Lhis second Tlush
the atmospherc under investication was admitted to a pressure just
over atmospheric and the side value on the box was opened to achieve

a Tlow through the box. A constant flow rate into the box of 10
litres per minute wag initially chosen and was found to give

adequate shielding,  The arc was then struck (by touching)

against the water cooled bhase for half-a-minute before 1t wasm

placed directly over the spccimen to be melted. Arc melting times

were measured by use ol a stop clock. The specimen size used was
kept at approximately 5.7 g. lor thig size the optimum current
range to give a fully molten button was found fto be 300-550 amps
at a voltage of 11 volta. Below 500 ampg the bulton was clearly

rnot fully molten and above 350 ampe the turbulance wan ao great

that the button was severely dished, Tor the current range and
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using a voltame of 11 volts and a flow rate of 10 1/min the hox
pressure wus found to be constant at a value of 1.074 atmosphere.,
The thoriated tunusten electrode was adjusted manually and by this
technique the current could be controlled to within + 10 amps and
the voltase to within + 0.5 volts, The electvode diameter was

G mn and care was taken to ensure that the end of the electrode wns
kept clean and at an included ansle of 600, buring are melting,

with the aid of we

lass pogeles, the molten buttons could

he clearvly observed through the front window of the box,

Tn the lfolloving: experinents unless othorwine stated a
current of 300 amps was used with a voltage of 11 volta, A

constant flow rate of 10 1/min was also used, Pileces of CoOppar

vere cul {rom the supplied 5 mm thickness sheet. Speclbrographic

R

onalysis of this sheel as chown in table 16 revealed that the

coppr was of extremely high purity. 'The oxygen contents of

the C.,1I11.C, and i.1.7., copper were 0003 and ,0%40 '/t
respectively. Before arc melting the pieces of copper were prepared
to pive w weight of 5.7 g + 0.1 g. by Liling, cleaning in dilute

nitric acid, derreasing in inhibizoel and drying.
After arc melting the buttons were A-rayed and then density
determinations ware carried out. 'the butlong wer: then analysaed
s S WU S 3 y.”‘\o“i
for hydrogen (by vacuum hot extraction for 10 minutes at 1000 ¢)
L . N o S
and oxyzen (by vacuwns fusion anzlysis for four minutes at 1300 L)

usins the Balzors oxhalorraph equiprent.  'Uhe v axdrum speciuen

aize which would it into the equipment wag uscd bacause of the



anticipated low levels of hydrogen and oxygen (in the case of
O,FEHQC@), This was found to be between 4 and 5 g. The
specimens were prepared for analysis by lisht filing, degreasing
ininhibisol and drying. Inhibisol was used as a depreasant since
it was found to result in no detectable hydrogen contamination.
As a result of the low levels of hydrogen anticipated from the
water vapour atmospheres and the rapid solidification rate of the

buttons (resulting from the water cooled hearth) it was assumed

that the messure

d hydrogen and oxygen levels were equivalent to
the levels in the molten pool immediately before solidification,

o

Analysis for hydrogen was always carried out within about twe
hours of arc melting. To checlk whether hydrogen was lost by
diffusion at room temperature, three identical buttons were
produced, One was analysed immediately after arc melting, one
was stored in liquid nitrogen and the other at room temperature.
After two hours storage of the latter two buttons, it was found
that there was no sipgnificant difference in the hydrogen contents
of the three buttons.

As will be seen in the following sections the analysis
technique gave consistent results for both hydrogen and oxygen
determinations.

3.3.2 CLEANLINESS OF THE MELTTNG BOX ATLOSPHELE

Tn order to assess the cleanliness of the arc melting box
atmosphere specimens of 0.F.H.C, and 5, T.F, copper were arc

melted for periods of 0,5, 1,2 and 4 minutes using a shielding




cas of super vure argon. The results of hydrogen and oxygen
analysis and denzity weasuvements are given in table 17 with the
melting conditions used. Analysis of the supplied material

carried out by an independent laboratory revealed that C. I

and B.0.0, copper respectively contained 0,12 and 0,10 ml/100g
(W.T.P.) hydroren, It can be seen from table 17 that the arc melted
hattons picked up 1little or no hydrogen from the super pure argon
atmosphere. The oxyren analyses indicated that E.T.D. copner loat
a small amount of oxyeen (0,034 to 0,050 UELD) and the OL0TLC,

copper Aid not pick up oxygen, In the cane o Wi

1"s copper there

3

vas also a olisht deereune in density to a value of approximately

3,%.%,  ARC MOLPTHG UNDER ATRCOR UATER VAPOUR 1iTX PURES

Are melted bubtons were produced using arpgon 140, 230 and
540 v,p.m, witer vapour nixtuwres. Lelting periods of 0.5 to 4
minutes were uscd and the rosults are shown in lable 18, The
oxygen and hydrogen contents of the hultons are plotted against

arcing time in firure 25 (a)-(e)., Tt is clearly shown in [iguro

25 (a) and (o) that in the presence of argon wabter vapour mixtures

he hydrogen level of O,".!.C. corner increases with arcing time
and water vapour level, whereis the oxyren level is unaffected,

Tt is indicated in fifure 25 (b)(d) and (e) that oyxgen ig removad

from E.2,P, conper when witer vapour in preaent in the arc
atmosphere, ‘The amount roroved increuncs with arcing time and
with the level of watexr vapour in the areon, ‘Jhe hydrogen level
of 1,7.P, copper increancs al the owygen is rvemoved,

The rooults of a further sct of gimilar experiments are given

in table 10, Fqual weishts of O HCo and w00 vera uged ta




Lo
produce 5.7 . buttons using 140 and 190 v.p.m. water vapour

in argon mixtures, “he oxygen and hydrogen conbents of the buttons

are shown in firure 25 (f) and (g). ‘The trends of decreasing oxygen

and increasing hydrogen levels are again indicated in these figures,

5034  WFFECT O INCREASTNG T ARC MaLITHG CULRRENT

Using an argon 100 v.p.m. water vapour mixture O,F.H.C,

buttons were melted for 1, 2 and 4 minutes using an increased
current of 350 amps and a voltage of 11 volts., The wesults of these
experiments are shown in table 20, The same general tronds for
oxygen and hydrogen contents were obtained; however, aa indicated

in fizure 26 the hydrogen level was increased am a result of using

an increased current.

3.%.5,  REPRODUCIBILITY COF BXTPHRIITLHNTAT, 'FoCHNIQUL

In order to check the reproducibility of the experimentsl
procedure three O.F.H.C. buttons were arc melted under identical
conditions. The three buttons were arc melted for 4 minutes at
300 amps using an argon 100 v.p.m. water vapour mixture. The
hydrogen and oxygen levels of the three buttons are shown to

be in good agreement in table 21,

3.%5,6, ARC ISLIING COPPER 'WITANILUNM ALLOYS UNDER AN
ABGOY, WAPER VAPOUR AVHOSPHERE

To investigate the effect of a deoxidizing slement on the
copper steam reaction a copper, titanium alloy was produced. A
master alloy of 0.F,H.C. copper, 1.8 wty titanium wae made up

by scasting in an induction furnace under a protective straam of




Y

arson. Anwlvs1$ of the casting revealed that it contained 1 ml

per 100 g, hydroson,  This level wis reduced to 0.1 m1/100g, by
heating under vacuum for three hours at 1000°C. Specimens from

the casting were arc melted using currents of 300 and 350 amps and

11 volts in an argon 100 v,p.m. water vapour mixture. This experi-
ment was repested using an alloy of 0,12 Vi, titaniws under an
atmosphere of argon 100 v.p.m. water vapour al a current of 300 amps,
The alloy wnhs made up by using the required weisht of O, 1, Cy copper
needed to dilute the master alloy,

The results ol these experiments are lisbed in table 22, Tt

can be seen that the oxyeen content of the bubtong wig oxlrenely low

in all cases. Por a current of 30C amps {izgure 27 indicates that

decreasing the titanium level by a factor of approxinmatcly ten had
only a slisht effect on the bubton hydrogen content. lor the corres=

ponding conditions the hydrogun levels were hi:rtier than those obtained

in the absence of titanium. Azain from table 22 it ic clear that

increasing the current results in increased button hydrogen contents.

%2.3.,7. ARC MELVING C‘O “"‘i ATLUPINTIUM ALTOYS UHDER
A7 ALGOT Uvinn VATOUR ATHOSPHGRT

A waster alloy of 0.1.1L.C. copper, 1.3 Vi aluminiun wes
made up in the nammer deseribed in the previous section. Specinens
from the casting were arc nelted using a current of 300 amps and
11 volts in an argon 130 v.p.a, water vapour mixture. This
experiment wig TEDPC cated usping an alloy of 0.1 Ut,ﬂ aluminium, The
alloy was vade up by using the requircd weleht ol G0 I.Ce copper
needed to dilute the master alloy.

Aeain the alloy containing 1.3 V.7 aluminium gave an increased
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hydrogen content over 0.F.1.C.. However, reducing the aluminium

content to 0.1 wtj. resulted in hydrogen contents similar to those
obtained for C.F.1H.C. under similar conditions. These results are
illustrated in table 23,

5.3.8. G NERAL BUTTON HELDING CIARACTIRISTICS

O.F.J.C. buttons were bright clean and were rounded in shape,

The presence of wabter vapour in the arc atmosphere resultedin a
slight oxide skin on the top surface of these butbons, ‘The central
region of the button murface which had been directly under the are
was extremely clean and bright. This point is highlighted in the

scanning electron micrographs of figure 28, for an 0,1.1.C, bubton

melted for 3 minutes in argon,100 v.p.m., water vapour. The light

oxide skin and the clean ceéntral region are shown in Tipure 28 (a)

-and (b) at magnifications of 6,500 and 8,000 respectively.

E,T.P. buttons on the other hand were much flatter and les:
bright in apvearance., The bright spot mentioned above was also not
present in this case.

With respect to hutton shape it is interesting to note at
this stage the melting characteristics of the E.T.P. bulbton arc

melted in argon, 540 v.p.n. water vapour (fipure 25(e)). At a

period between 3 and 4 minmtes of arcing the button changed from
the flat tvpe characteristic of T.T,P. to a rounded type characteristic

of 0.F.H.C., This would be expected since as shown in fizure 25(a),

after 4 minutes the oxygen level of the button wus lowerasd to a

level approaching that of the O.F,H,C, arc melted buttons, Tt appears




that the removal of oxygen from the ».7.0. button results in an

increase in surface tension. “This point will be lMurther highe

L£5
lighted in a following section when the densities of the buttons
are congldered.

3.5.9.  CALCUTATTON OP PAPPAREWTY EOUTLIBRTUN
( A.'l“AH"Ut'J e ARC GSLPTRG CONBTTIONS

The work of Allen and Tewitt (25) describaed in the literature
review showved that thoe equations
[“] et = M TI“?).
T
held for molten copper under atmospheres of varlona water vapoun
pressures.  'he AV value wan found to dncrennc as Lhe temperature
wan incrensed. (Fig, ﬂ) Using the results of hyd vopen and oxygen

contents of bLuttonz which reached an "appavent™ squilibrium aftor

Y

4 minutes arcing, 'A' values were cu:lculated from Allen &

(15)

Hewitt's
equation. There resulls are indicated in bable 24.

Por C,1,H.C. copper, B.T.P, copper and an alloy of these

two, the 'A' vilues ranced between 0,051 « 0,068, According to
(15) ¢

Allen and Hewuitt exbrapolating their values in figure 8)

o0
this corvesponds to a tamperature ranic of 1506 -~ 17007°C,

5.3.10,  BUMCH T AR AU LT

In order to measure the temperature of the pool directly, a
platinum,; platinum 1%/ rhodium thermocouple was ingerted into
o copper bubtton as it was avc melted at 300 amps and 11 volta,
he themwocouple was probected by a silica ashenth, Inopite of
this whenever bhe thermocouple wig plucad in the rejdon of the
arc, it w g "burnt' out. sfter several attempts a temperaturs

o 1400 - 145 (* wae veasured, 16 oauet be ntressad

within the




figure 30 with the included results for super pure argon and

however, thit Lo nearure this tempersture the thermocouple was

placed in the edge and not the bulk of the specimen sand it would

thus be anticipated that the bulk button temperature would be at

least 1450°C.

It was shown in the previous scetion that the copper-sbeam

: " Fa1n e N .
reaction temperature was in the range 1500 - 1700°C and it thus

appears that t9is reaction occurs within the bnlk of the hutton,

Marther evidence for this is chown in the microsraphs of
firmare 29, “he nicrosranhs were talen frow war 7.1, bubton

arc welted for 2 minutes alt 200 amps and 11 volts in an amron
2350 vep.m, woter vapour mixture, 'he microgrvupha ave Lypical
the bulk of the gpecimen. Randomly distributed aphevical pores
and the copper-cuprous oxide euteclic associated with the grain
boundaries are shown in fipgure 29(&) and fipure 29(b) shows that
sorme of these pores are associated with the copper-cuprous oxide
eutectic.

T.P. (’OI’T"“‘R ARC MELTED IH AN

5.3 1. n,
ROGYS AT OSPIHTRRE

ANGON-HYD

It has s=lready been shown that the presence of water vapour
in the arc atmosphere resulte in the wemoval of oxyeen from .77,
copper arc melted buttons, hus hydrogen from the disnociated
water vapour must be diffusing into the molten button., In order
to substantiate this an argon,hydrogen mixture wag used to arc
melt iV, copper [or periods of 0,5, 1, 2 and 4 ninutes, "he

) . . N . N « OR avid @l ) K
results of these oxperiments ars given in mi,_g,b_].c.: 25 and ahiown In




250 and 540 vep.au, argon weter vapour mixturcs. ‘The argon

hydrvogen mixture of 280 v.p.m. hydrogen was made by mixing streams

of pure argon with an argon 2 per cent hydropen mixture., Accurately

calibrated rotameters were used in the mixing process.

Agsuming fMull dissociation, the argon 540 v.p,m. water vanour

mixture would give 540 vep.m, hydrogen, It can be seen from
figure 30 thrt the arpon, 280 vep.m, hydrogen mivture also reducer

Lhe oxyien content of U,V copner. The levels of oxyren after

{our minutes arcing were 00,0018 and 00,0012 Wi, flor thie argon,

hydvosen and arpeon, woater vapour mixbtures resgpectively,

%,%,12, POROSTPY IN ARC MELTED BULTONS

The anount of porosity present in the arve melted butltona was
assessed by careful density messurement. The density results

for the =zrc relted buttons are shown in lirmve 31(a) = (m).

Tn the 0,F.07.C., 0.1 .C., titanium and O,I",H.C., aluminium

alloys the density in all cases was between 8.7 and 8.9 g/cc

and arcing time had little effect. In the cace of the R.T.P.

and L,7.P,/C,: . 0.C. buttons as shoun in fimre 31(b), (e), (e),

(f) and (g), the dencities were much lower but increased wilh arcing

‘

time., This ie consistant with the fact thut with increasing arcing
time the oxyren content of the JF.T. buttons approachea that of
the 0.7, H.C, buttons. H=ray radingraphy of the arc melted buttons
revealed that the porosity wis present as ascattersd aphaerical
POTES,

33413 0,1,11,C, COPPER ARC HELTED I ARGON
¢ £ @ NI v e
YDLOGT AND AGGOY OXYGHH AT YT

Po investisate further the copper gtoam roachion O 1, 1,0,




copper was arc melted for periods of 1, 2 and 4 minutes using
gas mixtures of argon, 153 v.p.m. hydrogen and argon, 77 v.p.m.
oxygen. As in the previous section the mixtures were made up by
using accurately calibrated rotameters mixing super pure argon
with mixtures ol argon containing 2 per cent of hydrogen and
oxygen respectively. lydrogen und oxygen analyses were carried
out for the samples melted in the argon, hydrogen and argon, oxysen
mixtures respectively. The experimental conditions and resulte

are given in table 26 and the hydrogen and oxygen values ars

plotted in fipure 32, Iox comparison the hydrogen and oxygen

analyses obtained for C.1.7T.C, melted in argon, 140 v.p.m. waber
vapour are also included in figure 32, Assuming full disscciation
140 v.p.m. water vapour would result in 140 v.p.m. hydrogen and
70 v.p.m, oxygen., From fipure %2 it is clear that 153 v.p.m.
hydrogen and 77 v.p.m. oxygen result in higher hydrogen and

oxygen contents.




4. DLISCUSSION

The discussion is divided into four sections. In the rirst
three sections the occurrence of steam and nitrogen porosity are
considered under wvelding and avc melting conditions. The fourth
section considers the practical significance of the results in

copper welding.

Lo T OCCURREMNCH OW STEAM POROSITY
[ 7,1.G, WELDED COPPER

The welding experiments represent a congiderable advance

in the understunding of the effects of welding and material

variables on porosity formation in the T.1.G. welding of copper,
It must be stressed however, that while the resulta of this section
are quantitative they only give limited insight into the mechanism
of steam porosity formation.

1t has been shown that the presence of water vapour in the
welding arc results in randomly distributed spherical porosity in
the weld metal similar to that obtained in practice. Analysis of
variance of the factorial experiments revealed that four of the
six selected factors sisgmificantly affected weld metal powrosity,
Tncreasinge water vapour in the argon, and oxygen in the base
material increased the porosity whereas welding at increased
welding speed reduced the amount of porosity. Porosity was also
decreased by carrying out melt runs instead of butt welds and the
significance of the results involving butt welds will be discussaed
in Section 4.3, Significant two factor interactions involving the

significant single f{actors vere also investigated and gave increased




information about ateam porosity formation,

(24)

As showm by ILudwig dissociation of molecular gases is
complete at temperatures of 1O,OOOOCﬁ Thus in the welding arc
water vapour by dissociation represents a source of both hydrogen
and oxygen., Both gases, assisted by plasma jebts, arc then capables
of diffusing into the veld pool where they will react to produce
steam porosity. Clearly if oxygen is alrveady present in the weld
matal, as in the case of L.T.P. coppery the lormation of skeam
porosity will be enhanced. In all cases dnvolving steam porosity,
increasing welding speed reduced the level of porosity. AL
higher welding speeds the gas-metal contaect time between the arc
atmosphere and the molten weld pool is shorter and Lhus the time
available for steam porosity formation is reduced. A gtudy of
tﬁe interaction of welding speed and water vapour in the shielding
gas emphasized this point. Tor each of the water vapour levels

“

considered, the density of C.F.H.C. copper melt runs, as ghown

in figure 1%, was increased by increasing the welding speed,

Since 0.+.H.C, covoper wis used in these experiments it is clear,
from the high water vapour (1340 v.p.m.) low speed (2 mn/sec)result
(density of approximately 5.5 g/Ce), that the steam reaction in
the weld pool results from the diffusion of hath hydrogen and
oxygen from the arc atmosphere. This factor will be further
discussed in section 4.2. The effect of welding apeed on tha

- L - X7 e L O Iy P .1,_ 1‘7 (]] }3
copper-stean reaction was also emphasized by carrylng oub welsr

copper melt runs using an argon 2 per cent hydrogen shislding gans
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16). In the ranve ol welding speeds 4 to 10 mm/;ﬁ:ec° the
amount oi oxygen removed decreased as Lhe welding speed was

1

inereased. This again indicates that the steam reaction in the

weld pool, is Gbi dependent. It is interesting to note however,
that in the welding speed range 10 to 20 mm/sec, the amount of

oxyeen removed (approximately 0,008 wty ) remained constant. This

indicates that within this range the steam reaction occurs but to

@ limited extent. Since the ateam reaction occuprs even il a apeed
as high as 20 mm/secw it appears that the controlling fuctor is
the reaction of hydrogen and oxygen Lo produce albeam porosiby in
the weld metsal and not the supply of hydrogen from the arc atmos-—

phere,

The Tactorial analysis and the study of the interactions
inﬁolving base material, water vapour and welding speed indicated
cenerally that D,H.P. copper gave sounder welds than 01 11.Ce
copper. This is a result of the phosphorus "pying up' oxygen in
the weld pool and bthus inhibiting the occurrence of the sfeam
reaction. Since the levels of hydrogen produced assuming full

dissociation of the water vapour in the arc would be extremely

low then hydrogen porosity would not occur,

The effects on porosity of increasing current and inert gas
flow rate were very slight and did not arise as gignificant single
factors., In the case of welding cuxrent this was probably dus fo
the fact that at a particular welding apced only a narrow range

of current wag practical and all the other variables conaidersd




this ranse was too narrow. he effect of current will again be
considered in section 4.2. Increasing the shiolding ras flow
rate also had no significant effect on porosity. ''me low end of
the range was restricted since extremcly low {low rates wonld

result in excessive weld metal oxidation, In the range considered

however, it is interesting to remember some of the work of Salter

(42) ;

and FMilnex. In a study of the oxygen-titanium syatem they

also found that increasing the shielding cas flow rate had no
gignificant eftect on the rate of absorption of oxygen. This

was explained on the basis of extremely high plasma jef velocities

present in to welding arc. These velocities were of the order

i
of 107 mm,secm Clearly the plasma jet velocity nulliliea pomaible

effects due to increased shielding gas velocities,,

Summarising the results so far discussed it is clear that

porosity can occur in the T.I.G. arc welding of copper by the
occurrence of the steam reaction in the weld pool. The nature
of the porosity was randomly distributed splierical pores typical
of that observed in welding practice. The extent of the steam
porosity is increased by increased water vapour content of the
arc atmosphere, increased oxygen content of the base material
and decreased welding speed.

4,2, TR COPPER=-STEAN AEACTTON UNDLR ARC
FeLTING AND ANC JELDING CONBITTONS

The aim of this work was to glucidate the mechanirm

responsible for the occurrence of stsam porogity in the Y. TG,

welding of copper, This was achieved by arc melting copper buttong
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under controlled atmospheres,

The results indicated that ©.7.P. copper arc melted in
argon, water vapour atmospheres lost considerably more oxygen
than the equivalent melts in a super pure argon atmosphere. If
sufficient water vapour was present (540 vpm) and sufficilent
arcing time used (4 minutes) the T.T.P. copper was converted to
a level approaching that of 0,TH.C. copper (0,0012 W ).

The hydrogen content of w.7.P. copper generally increased
with increased water vapour in the argon. VWhen O.1NU.C, copper
vas arc melted in argon, water vapour its hydrogen contont
increased with increased arcing time and increased waber vapour
in the argon. The oxyren content of 0.0, 10.C. copper bubtons
generally increased with respect to the initial oxygen content
(0.000% wts') but only to a maximum level of 0,0007 witil, Tor
any given argon water vapour mixture the oxygen level did not
increase significantly in the arcing time periods congidered,

It appears that both E.T.P, and 0,F.H.C. coppers attain an
equilibrium state in the button as a whole and that this eaquile
ibrium state is dominated by the supply of hydrogen from the
water vapour present in the arc atmosphere. The fact that watewr
TApoOUr wWas a predominant source of hydrogen is in agreement with
the findings of Salter. (71) Tn a study of hydrogen absorption
in the arc melting of steel he showe! that the abzorphtion of
hvdrogen from -rgon, water vapour atmoapheres cloasly followed
that from the equivalent argon hydrogen atmospheres, (aaauming

that a given volume of water vapour was squivalent to the pame
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; volume of hyiroden),
qine tho sauation of e 15
Using the equation of Allen and Hewitt (15) and measuved

apparent equilibrium hydrogen and oxyren butlon contents TA' values
vere caleulated,  Tor an ave melting current of 300 amps and

,t ]t CA UL I R LTS (15> k| :

extrapolating Allen and Howitt's data ﬁfl;uvo 8), thene

values corresponded to a reaction tempernture of 1500 - 17OOOCa To

maximise the accuracy of extrapolation a resression analysis was

Lt (15) TAY

carried out on Allen and Wewit viilues over the temperature

o N O ) . e " .
ronre 1090« 1356 °C,  The yecression coeliciont wap Tound to be

0,996 and the rerction temperature «ivoun by the equation: -
oy “39 A - . AYWNSTe i { O(
Pemperature = (1008 + 10,206 x 1A Yoo,

The mindimun (0,051) and maximum (0.068) AT values thue correspond

R g e O
to a temperature ranve of 1533 ~ 1707°C,

Direct temperature reasuroment rovealed that the bulk

) 0 . o
button temperaturc was at least 14507C, Usinge hydrogen solubility,

(;4)

temperature data from Howden and Filner's vorlk calculations
have been made in section 8,1 to compare the measured hydrogsen
. PPN ,
button contents with those expected at 20C0°C. Asswaing full
dissocintion of the witer vapour the nezsured hydrogen contentbe
\ i Oy

correspond closely to the solubilitien at 2000°C,

It appears then that the copper-steam veaction reaches an
appavent equilibrium state corresponding to a tanperature ol tha

0 . N P . v 4-3. 2 . E b R
order of 1500 -~ 1700°C. TFurbher evidence for this wan 1llustrated

indicated that

@

. e C JROUNE: . [T R,
in the microprapha of ficure 29(a) and (b)e ‘Thes

the spherical porosity was digtributed throuwshout the bull of the

button and that some of theae pores were ascociated with the cappaw,

cuprous ovide eutectic otructurce, Towever it aleo appesys that




there is a version dirvectly wnder the are at a tonperabure of
QOOOOCQ In the case of copper Howden and kilner (34) estimated
that the temperature of the hot spot corresponded to 165000&
However, their mnaximum current used was 200 amps and their avce
melted speciriens weliphed approximately 9 g, Clearly using a
smaller arc melted button and a higher current results in a higher
hot epot tewmerature and also a higher overall button temperature,
1irher current the electromagnetic stirvving forces uithin the
1

button would also be nore vigorous and thus btha overall butlon

temperature would be higher, In a detailed study of CO, welding
: . 501)

of steel Pollard and lilner 777 showed that thevmodynamic
aquilibrium was attained corresponding to the hot apot temparature
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of 2300°C. Althoush the present investigation has shown Lhat Lhe
apparent equilibrium temperature is below the hot spot temperature,
the hydvopen and oxygen required for the reaction are supplied from
the hot spot directly under the electrode. ILvidence confirming the
existence of the hot spot was showm clearly in the scanning electron
microeraphs of fifure 28,

The seneral mechanism of steam porosity formation ia now

ovident and can best be illustrated by considering B0, coppor
arc melted in an arson, water vapour atmosphere, The high temperatures
present in the arc rezult in disscociation of water vapour to produce
hydrogen and oxyren, 1o volumes of hvdvocen will be produced fox

on, asnlotod by

avery one volunc of OXYECI Mrdro~en and ox

plasma jets, will diffuse into the hot spot dircetly under the aro,
o (7]> il . ] Aiff s alb a pat

As pointed out by halter hydrogen will diffuse at a rats

. A0 e e e
conpiderably in excess of oxygen, At 0°C and 1 atmnopphors Prenmursg
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the diffusivity of Iy

(72)

OXYyIen, (1 31 cm /“ec. compared with 0,189 cnm / cc. ).

vooen ig considevably in excess of that of

Although these conditions are far removed from an arc nmelting
gituation they give a rourh indication of the relative diffusivitics,

When the hydroren has diffused into the hot spot it will he rapidly

circulated by electromasnetic forces wilthin the molten pool where i
it will react with oxyzen bo produce steam povosilty. Ao oxyeoen

ig contimmally venoved by this process the amownl of hydroren will

increase Lo mointain a constant hydrosen-oxyeren ratio in the bubton,

If hydvogen dififuses into the hot zone under the arce Thon presunably

|

xyeon vill also.  Towever, since hydrogen diffusces much more

rapidly than oxygen, »lter any given arc melting period considerably
more hydrocen vill have Jiffused into the button and the net effect
ig thus removal of oxygen from the ©.0.0. copper bubton,

It is now interestine to consider the nechanian for a
similar situation involving O.F.1L,C. copper. The results show

hat the hydrores level asnin increases, “ouever Lhe oxycen level

is only marcinally increaced. This 1o acadn in agreement with the
fact that hydrogen is nore mobile and the net elfect iz thue a

build up of hydroren and a Tinal equilibrium hydrogen, oxyien
ratio dominated by the supply of hydrogen into the bLutton,

Th order to further inveztigate the steam reaction G, ¥ 11,0,
copper was arc mclted in an arson 153 vep.m, hyarcogen mixture and

)

an arpon 77 vep.n. oxycen mixture. ‘These lovels are approximately

equivalent to a fully dissociated argon 140 vepen. wator vapour
mixture, Mhe button hydrogcn content v a~aln In aervesnent vilh

the hydroren solubllity at 17000 ¢ (ealevlation in roctien 0,1,
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It is interestinge to note however that the hydropen level wis higher

than that obtained with the arvrson 140 v.p.rm, water vapour mixture.

Also for the arron, hydrosen atnosphere the hydrocen level was
constant for the four arcinge tines wheveas inthe case of the argon

vater vopour mixture the naximum hydrozen content wag attained after

2 minutes arcing, Thig again indicates that in the case of argon

wvater vapour, both hydrogen and oxygen diffuse into the molten button,

The argon 17 VoD 0¥}

an atnosphere acqain gave only a slisht increase

in the bubtorn oxyron content. The enleulation in section 1,2 shova
LY PR

. e . : e O
that, for this loevel of oxypgen and a temperature of 2027 C, Lhe free

enerpy of Tormation of cuprous oxide im + 164, 746 Joula/mole oxyren,

Thus even thoush oxyeen diffuses into the copper; cuprous oxide will
not e Tormed and tie button oxveen content will remain ab a low

level, Onthe basis of this calculation it would be anticipated that
=.7.FP. copper arc melted in vure arron (an extremaly low oxyron partial
pressure) wvould lose oxygen by the decomposition of cuprous oxide,

Phis loss of oxyveen did not occur to any appraciahle cxtent and the
reason must be the difficulty of nucleating oxypen porosity. llowever,
an soon as water vapour is added to the argon, hydrosen in supplied

to the button and oxysen is removed as stoan,

Mhe caleulation in section £.3 indicates that, for the coppar=

steam reaction at 202700 the partial pressure of hydrogen in equilibrium

[~

with an argon, 230 v.p.m. water vapour atmosphere would be cxtrenmely
low (7 x 1@"/ abwnosphere ), This hydrogen narbial pressure vould not
be sufficient to account for the 1levels neasured in the coppser buttonn,

Clearly then the hydrogen ie supplied by dissociation of water vapour

in the arc,
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The effect ‘ol deoxidining elements was investigated hy are
meltine copper titanium and copper aluminiwm 21lloyvs in an argon
100 vep.m. water vapour mixture. Generally the presence of these
deoxidising elements increaned the level of hylropon in the
golidified buttonaz, he reason [or this is thal bobh are strongly

deoxidising and tie up any oxymen present in the molten button

and praevent steam formation. ‘hermodynsmically titaniwn and

aluminivm oxides are both more atable than s oat temperatures
a0 . . . . . . .

up to 2200 C.  imvine are melbting of these alloys o Loenaclous

ovide skin w:n fovrmed and bobh alloys were "slugrish' in the

molten form compared with the much move fluid pure copper mella,

During are melbing it wan observed, howcver that in a smnll ares
wnder the ave the oxide skin was brolen up and this is the rerion
at which hydrogsen would diffuse into the molten button. Since

all the oxygen uas tied up by the deoxidising elements the bultonsg
could thus absorb a higher level of hydrogen. 'This explains why
deoxidising elements elfectively prevent steam porosity fomnation.
If the oxveoen wan free to react with the hydroren, steam porosity
would be Tormad. Iowever, since bhe oxyveren is tied up stewn
porocity will not lie fowied and aleo hvdiosen porosity will not

result because of the low levels of hydrogen present,

The density values given in firure 31 I'ollow a ~eneral trend.
he 0,7, 10.0, and deoxidiged alloys vary 1ittle in density with

arcing tinc. This is Lecuuse of the low councentrations ol oxyren

buttons and hence tha anount of steam produced

present in =1l
ig low., In contract the densities of the L, T.l, buttons varied
marlkedly with arvcing tine. The densily incroaned with arcing

time for all the arpon witor vapour levels, The greatant increaaa

in density war oboerved whi. the hipgh water vepour leval, 540 vepemg




was uted,  This was because the oxygen was ranoved with arcing

tine and thus the Jencily increascd wnbil ik approachied that of

C. buttons when the owyren levol had fallen to G 1 H.C,

n

the arce meltivne oxperiments then it appears
that the steam reaclion occurs in the body of the molbten arce melted

button and »rocceds to an apparent equilibrium state appropriate ta

its temperature. Vedrvosen and oxy

vater vapour in Lhe qovey however the cupply o hyvdvogen cxcoads

that of oxyen and io bthe contuolling [

in the abtbrinment of
anuilibhiium,

Tt is now worlth conaiderings the Piodinen

ol the welding
cuperiments involvine the sbeosn venclbion,  Generally spealding
ST conpor well vung carvied ont In o2roon usbow vapour
mivtures loot oxvoen, the umow b Leins srecter ab lower welding

cspeeds.  Thic dn drvospreenent wibh o Uhe fact thal water vapour
removed oxyzen [rom ».1.P. arc melted buttons, the amount
rerioved incretsine vith arcing time. It was shown that increased
oxyien in the base waterinl sirnificantly incrensed weld metal
poronity and thig ob-iously .nhanced ihe iornalion of aloam
porosity in t'. weld pool., In the cane of LU O copper

4

welded in arpon wabter vapour aimospheres it was clearly ghown

that for any eiven water vapour lev:l increasing velding speed
reduced the lovel of porosity. AL Wigher welding speedn the enm-
metal contact time in decreascd and althow !t hiydromen mighit he
diffusing into the weld pool there is insufficient oxyrmen

present to produce otean porosity. TIn contrast at low welding

gpeedn there is sufficient Lime Cor both oxyron and hydvrogen

en are supplied by dissociation of

T




diffusion and hence the steam reaction oc

Analysis o G0 melt runs

during weldings comparved with as

b nelling,

xidation of the weld pool by the abmosph

weldingy situation snd any oxyeen sained i
obviously enhance the sbteam reaction.

Gencrally speaking then there is goo
veldins and arc melting stadies., The Lwo
the mecliandos vecponaible for stesm poros
rmain factors allecting thoe extent of ito

li"

00T R
VUETLDED CoiTt

4 CHONITROGH YOR

475
T ARe

viby

curs in the

This is bec

ere is lik

n this why wo

d acrcenont
ghudies Logc
Tormabion
OCCUTTETICE

O

Ty

Tho alad tha

velding experiments rov

Aifficult to produce sound bubtt welds tha

WAS shovm thiat in the case of

5
HeI®

incre:ced yith ilncre: weldinge speed.

a
Q

2

up is

responsible for porosity formation. ‘The

acaociated wvith the creater 11

in butt velds parvbticularly at

1Lhen vell an gsteam porosity i

(49

the case

S

thie worls of lobayashi ) that nitrogen

source of porosity.

Tirure 18 showed

me:fmﬁ‘a

aul bed

rarulls of

The

nitrorern abtnognhere re: in oxtensive

Wyl o en porosity the level produced

and T

with increnced welding speeds, Thils is

shorter pan-—metel contact time

butt welds

extremely imoortant, and that another

higher weldil

clearly that

prain

t it was wmuch

n sound melt
the am
This sugeeasts
mech:in

meclunism mus

lelihood of atmoapheric

n~ apecds,
t became appa
(\

wmisht alao b

weld

porosity.

oly

oun

mise

in

uld

thar

and

mnore

1MNA

Ehee

imm

t

rent

o posn

ingr

Lj qe]

be
fﬁwﬁﬁﬁaanment

I thisg

a

between

4

of

L

i

ol

s

veld pool.

showed that oxvien was picked up

the

3

BXD laiy

the

Ik

porosity

Jjoint

is

T s
Le

Crom

ihlo

~

<t

cGam

in moelt runes decroaved

0 presult

of

the

at increaned welding cpceda and

i




:

supgesta tht the, absorption of nitvopen by copper is a typical

~metal reaction. adiography (Fiﬁure 19(&)) and metallography

ifirure 20) of the nitrogen porosity revealed that its distribution
was extremely interesting, 1Wine povosity was associanted with the

base of the weld and coarse porosity at the weld surface eapecially

of the weld bead. The appearance of the weld bead

cugpested that a vicorous "nitrosen boil™ had occurrad., As

mentioned in the liteorature review it in well bnown that nitroson

e e AT T e . , NG .
is virtunlly insoluble in copper even at 1400°C, Lowever as pointad

L)

e Al - (66) : : .
out by Ahmes and Fahn 7 othe precence of an are results in the
Formation of atomic nitrogen., In the weldine are extremely hish
Y PO PR S Y ST 0« -~ S T T Lz WP
temperatures of the order ol 20,0007°C arve prescnt and as pointed

. (24)
oul, by Tnduie

most molecular gaspen, including nitrogan,; are
fully dissociuted ot temperatures of the order of 16,6007°C, It

anpears thoen that nitrogen dissociated Lo produce nitropen atoms
can produce porosilty in copper welding., Az soon ags the weld pool

bepins to cool down the liberation of nitrosen will occur extremely

vigorously as would appear to have been the cane in [icure 20,

As well e the dictribution of the porvosity it is intorcotine to
note that Lhe povosity is opherical, the larveer pores being
ancociated rith the cdre of the vyeld watal.  ‘The radiographs in
firure 19 show clearly that dilferent gases produce different
shapes of norogity in 0,710, coprer, ‘ater vopour, lire nitrogen
nroduces apliric ]l porosity. Nydrosen on the othor hand produccs
the characteristic "herringbone' porosity. The differing povosity

morphologsics eon be explained by considerin: the atapre ab which

the porosity is fermed which in related to the solnbility of tho




‘

particular gas in covper, Hitropen as pointed out has virvtually
no solubility in coprer, thus nitrosen bubbles ave Formed in the
molten veld pool at an carly stapge and these are “"frozen in' by
the solidiflication front. Steam porosity is similar to nitrogen
porosity, hydvoren and owyron react in the molten weld pool to
produce steam porosity which has no solubility in copper. Thus
again spherical fas bubblegs are entrapoved in the soliditication
fronte  Mydvosen on the other hand has considerable solubility

in both liquid nnd solid copper, ‘hus hydvoron porosity will
net be produced wntil sufllicient hydroson seproration han occurrad
to produce a pressurve high enough to nucleate porvosiby, Thig
build up of hydrogen vill oceur In the last Lliguid to solidify,
the dendrite arms and thus "herrinshone™ porosilty is Tormed,
& Y

Vith respect to hydrogen porosity it is worth vomemborine the vork
C e (50) , ,
of Salter and Pilner. They found that hyvirogen producad
different shaped porosity in diffcrent met:lg., In copper the
porosity was "herringbone', in aluminiuwm it was rounded pores and
in nickel it wos centre line, ‘hese different lormn of porosity
are illustrated schematically in firare 3%,  'the solubility of
hydroren in aluminiwm, copper and nickel as a function of

o . 5 N € b, !
temperature is givan in table 27 from Smithells, fhe most
important factor in terms of porosity formation is the change in
solubility during solidification. Ucing the firures in table 27
the ratios ol the aolubilities of hydrogen in liguid and solid
of each of these three metals, at their melting points, is gilven

in table 28, The solubility ratio decreases {vom aluminium to

copper to nickel, In other words molid aluminium will retain




less hydrogen at the melting point than will solid copper or

‘

A

solid nickel. Thus on solidification the porosity will be
formed at different stages for each of the three motals. In the
case of aluminiun the porosity will form at the ligquid-solid
interface and thus rounded pores will be trapned in the solidi-

~

¢ of nickel the poronity will form

faction front. In
towards the ond of the solidification process and thus centre

line porvosily will recult, Tt appears that copper is an inter—
nediate cnse and thus  "hervinebone" povonity in a form of porosity
intermediate betwveen rounded pores and centre line poronity. Tn
inert gas are weldins these solubility ralbins will be exapperatad

A

eapecianlly in the coze of aluwminium,  As shoun by louden and liilner
(34) the precence of an arc results in hydeogen solubilities very
much in excees of caleulated solubilities in the absence of an arve,
Hitromson in copper will be an extrerie cuase of a large difference
between liquid and solid selubility and thus the poronity will be
formed at a very early stare i.e., al the edge of the weld pool
since this is the irst weld region to golidify. The porosity, as
observed, would also be rounded pores,

Considerine nitroeen porosity it is dintercostine to lnow how
much nitrosen added to arpon will give rise bo porosity lormation.
This question was answered in fimure 21 where it was shovn that as
1ittle as 0.1 per cent nitrogen was spufficient to give conasiderable
porogity. Again increasing the velding speed for any particular
nitroren level resulted in an increane In weld motal denaity,
Analysis of the pas present in these pores reveplad that it was

predominantly nitrogen, This proves beyond doubt that in an are

bo

welding situation nitrogen can cause porosity in coppav, It might




be argued that the nitrogen is physically entrapped in the weld
metal rather than rejected from the solidifying weld metal. Iowever,
the pore analysis revealed predominantly nitrogen and physical
entrapment of the atmosphere would have resulted in pores containing
predominantly argon. Arc melting studies also revealed that an
argon 1.0 per cent nitrogen mixture resulted in porous buttons
compared with the sound buttons in pure argon., “The amount of
porosity wags considerably less than that obtained in the equivalent

welding experiment illustrated in figure 21, 'his was probably a

result of the fact that the arc melted buttons were a much bilgrer
mags Lthan the wveld pools involved and thua the supcrasturation of

nitrogen would be much lower in the former care. Algo in a welding
situation motion of the electrode is involved and the nucleation of
porosity would be enhanced.

level of nitrogen as low as 0,1 per cent could be picked
up by entrainment of the atmosphere especially in the case of butt
welds., Since nitrogen porosity has becn shown to be spherical it
would be difficult to distinguish it from steam porosity. It has
been shown conclusively that nitrogen porosity can be eliminated
by using a filler wire containi ing powerful denitriding elementa
(Nitrofil) Cn the other hand use of a filler wire containing
deoxidising elements and only mildly denitriding elements (argofil)
results in porous welds., This clearly shows thal if there ia any
danger of nitrogen or steam poros 3ity then a filler wire containing

aluminium and titenium, which are both denitriding and deoxidiring

Comparing the densities In [iegures a1,

mmm.cu‘ ARG BT T

elements, should be used,
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and 22 it clear that argofil acts as a mild denitrider.This fact is

confirrned by reference to figmre 34 from Elliott and Gleiser,(73>

This figure shows that silicon and manganese are mild denitriders
in comparison with titaniwm and aluminium.

In conjunction with the present work TLammas and Jordan (74)
have investigated the oceurrence of nitrogen porosity in the 11,1.G.

velding of copper. Gencrally their findings have substantiated those

of Kobayashi (49) and of the present vork. ILamman and Jorndan (74) §

carried out bead on plate (D@HeP‘) Mg nging argofil and nitrofil

welding wiven, Using nitrofil the welds were sound throurhout the

range 0 to 100 per cent nitromen. However using arrolil wire
¥xtensive porosity resulted. Again the morphology of the porosity
was spherical and it was concentrated mainly at the edge of the v
weld bead. The lowest level of nitrogen used by Lammas and Jordan(74)
wasg 1,0 per cent and this rerulted in a considerable decrease in

density of the argofil weld metal. This is indicated in their

results vhich are given in figure 75. Aeain this fipure illustrates

the important elfect of welding speed. Up to a nitrogen level of
8 per cent, increasing the welding speed from 4 to 8 mm/."secw resulted
in sound argofil weld netal,

4ede PRACTTICAL SIGHIPICAIICE “OR BT DING OF COIPER

Tt hacs been demonstrated that the porosity encounterad in the

o1

inert gas arc welding of copper can be reproduced in laboratory

expariments, The presence ol witer vapour or nitrogen in the welding

are results in the formation of spherical porosity in the weld
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metal. At low welding sireeds,less than 100 Vepome water vapour
and 0.1 per cent nitrogen (1000 v.p.M.) contamination of the argon
shielding gas are sufficient to produce consideiable porosity.
These are levels which conld cccur in practice. It has
been shown for any level of contamination tiat the amount of
porosity produced in welt runs is reduced by increasing the welding
speed. Steam porosity is enhanced by the presence of oxyien in the
base matericl and is retarded by the presence of deoxidicing elements
which effectively tie up oxygen in the base material.

Using a shielding gas of super pure argon it has been shoun
that sound melt runs can be obtained for the grades ol copper
conaldered, Under the same conditions however, it was mich more
difficult to produce sound butt welds parvticularly at high welding
speeds. In the case of butt welds entrainment of the atmosphere
is more liltely and will involve both water vapour and,to a greater
extent, nitrogen. It has been demonstrated that nitrogen porosity
can be completely eliminated by use of a filler wire containing
small amounts of powerful denitriding clements. The use of a
filler wire containing powerful deoxidising and mildly denitriding
elements on the other hand did not eliminate nitrogen porosity, It
is clear then that both nitrogen and steam porosity could he eliminated
by the use of filler wires containing amall amounts of aluminium amd/
or titanium which are both strongly denitriding and strongly
deoxidising elements, The filler wires commonly used in the inert
gas (argon) ave welding of copper are those containing powerful

deoxidising elementa, However thene wiren do not completely sliminats




the porosity and the rudiosraphic stmdards are below those achieved
in steel velding, Tt appears then that the porosity which is not
removed iy these riller wires is a result of nitrogen entrainment,
Mitrofil weldines vire was developed primarily for the nibkrogen arc
velding of copper, however its use in arson arc welding would

eliminate both stoam and nitrogen porosity,
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Porosity can occur in 7.I1.G. ar

e}

velding of copper by the
occurrence of the steam reaction in the weld pool.,

The extent of steam porosity is increased by, increased
water vapour content of the arc atmosphere, increased

oxygen conbtent of the base material and decreased velding

The steam reaction occurs in the body of Lhe weld pool and
proceeds to an apparent equilibrium state appropriate to its
temperature. ‘e hydrogen and oxymen are aupplied by the
digsociation of water vapour in the arc atmosphere. In

the casze of I.1.P. copper oxygen is also supplied by the

J S

5 CONCLUZIOUS
1. -]
2.
gpeed.
3
parent metal.
4~e

s

Porosity con occur in T.I.G. avc welding of copper by
rejection from solution of nitrogen that has been absorbed
by the weld pool from the arc atmosphere.

The level of porosity increases progressively as the
nitrogen content of the shielding gas increancs to
approximately 0.4 per cent, the appavent optimum level,
but it is apnreciable at levels as low as O.1 per cent,
Nitrosen porosity can be eliminated by addition to the
weld pool of filler wire containing small amounts of
denitriding elements such as titanium and aluminium,

The porosity associated with weld [it up~butt welda instead
of melt runs - ig duc to nitrogen entrained into the aro

atmosphere,




6. ROCCI: i ATTIOUS FOR TURMILG WORK

W

It is considered that two principle areas require further

work: -

1. AR

and arc meltinge studies of the
steam reaction for other rmetals, including
nickel, iron and alloys of these with

copper. ‘This would give graater insight

~

into the mechanism and the efflect of

material upon it

2. A further study of the effect of Tiller
wire composition on the occurrence of
nitrogen porosity in both the T.1.G.
and ¥.1.G. arc welding of copper. It
would Dbe interesting to lnow bhe
minimun amount of sluminium and/or
titaniwe necessary to eliminate

nitro~en porosity.
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8. APPHITHIY

Gels COMPARISON OF MBASURED FINAL O.F,I1.C. COTDPIR
HYDROGE CONTENTS gITH THE EOQUILIBRIUM HYDROGEN
SOTUBILITY Ay 20C0°C

(43)

The hydrogen solubility data from Fowden and Milner
shows that lor a hydrogen parvtial pressure of 0,01 almosphere
the hydrogen solunilitby is 7.1 ml./lOOgﬁ

Using Sievertis lav: -

n v T
[]'] rlt E 9(“(?0(0/ 01

2000°¢

and 1 (2000°cY = %1

Agsuming Mll discociation of an argon, 100 vep.me waler vapour

mixture at an arc relting pressurc of 016 mm. mercury,

thern, partial praessure of hydwogen =

100 x 10“6 x 016 - Atmosphere = 1,074 x 1Om4 Atmosphere

760

v

; s .0 ,
Thus the anticipated hydrogen solubility at 2000°C is given by,

g =2 .
" o, = 31 %x 1,03 x 10 = 0,32 1l,/100¢
[ ] oco0®c = Ot X 403 32 1., /1007,
This is in rood agrcement with the measurced hydrogen solubility,

] .,
[L) measured = 0,34 ml, /100,

s

Using the same method the Tollowing hydrogen solubilities have

. O : . P T TR
been calculated at 2000 C and comparcd with the measured button

hydroren contents:

RN e

i




ARC VRITING ' CALCUTATED IYDROGEN
SPEOSEN

i} LURED TIHAL
SOTMITLIVNY AT 2000°C BUMON 1Y DROGHDN
ml,/100¢. 0ey

Arpon, 100 v,p.m,
virber vapour O,

AN
™D

0,34

Argon, 140 vep.m,
water vapour 0.38 "

RSN
(]

\

Aveort, 190 vep.ma
vator vaipour Gand 0456

Argon, 250 vep,ii.
wabtew vapouw 0:49 0,49

Arporiy, 15% v.p.im,.

hydrogzen 0,40 0.5%
8,24 TR OWRGY GF VORGATION O CUPRGUL 0XIDE Ok

ATOARGCT, 7T venerte OXYGET AR OSPITG AT 20270(4‘

g

The offect of oxyren pressurc on the Iree energy of
Tormation of a metallic oxide can be calculated nsing Van't

lNoffis isotherm,

CHUCT;

D
Ppi
O i 8 e A g, i

e AGT’ = DG ot RT log 5
"REACTANTS

T 101, /100¢,

Assuming that the tetivity of purc golids 1is unity then for the

reaction,




w30

4Cu + 0, 5 20u,0 (2)

equation = (1) sinplifies tos

(g
>
i

AG?T’ ~ BT log, Po, (%)

here Po, = Partial pressure of oxypsen

-
= 77 x 107" x 816 atmosphere
760

ey
[ x 10 ? atmogphere

= 8

N

Uaine free energy data Trom Hlliobt and Gleiser (75) o
reaction ()
Ac°

7007OF = 15,068 Jople per nole oxyeen
[ S 7

Subsatituting in (ﬁ)

= 215,060 « 19,15 x 2300 log. . (8,27 x 1077)

I o
f.)}‘(\)

Ca027%

(r

il

202700 ~15,068 + 179,614

H

Q g - P
sa BG -+ 164,74h Jorle ver mole ovyvren

2027%¢

B3 PARTTIAL PRESSURE OF HYDROGHN I BQUILIBRIUNM
WITH TITE COPPER-STEAM RIACTION FOR Al ARGON, g}O Ve oMo
VATER VAPOUR MIXTURE AT A TEIPERATURE O 2027 °C

(73)

Using Treo onervey data from ©lliott and Gleiser

for the reactiong:-

1 ,‘O =
o, + 0, —— 2H,0 ___ (1) AC 0000 =

~235,141 Joulec per mole oxyoen.

0 (2) nc®

4Cu + 0, —= 2Cu,

Oy =
2027 °C

=15,068 Joule por mole oxyaen,

Subtracting, (2) (1)

]
o Z

. . O O
ACu + 2,0 = 201, + 2Cu,0 (3) AGT2027°C =

220,073 Joule per mole oxyoen,




T

is unity, the equilibrium conatant is civen hy:-

So027°%

Using Van't ol f'g isotherm for equilibrium conditions,

e}

1l

NG ~RT lopg TN

2027°¢ oo, T,

thus

>

220,07% = = 19,15

2500 v lor 11

e 1o M, = = 2,50 and 11,

[T k1 ER T T N - :
Jor rerction - (_;) asouning that the activity of purce solids

The partial prescure of water wvapour for an nvgon, 230 vep.n.

water vapour mixture is given by: -

Pro = 230 x 10“6 ¥ 816 atmosphere

- 760

4

atmoaphere

It

2,47 x 10°

thugs -

Hy - 0.00%16

. T =1

i = 7,0 x 10 ' atmosphere
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Metal Thermal Conductivity

Cgs units at 20°C

Copper 0,94

Aluminium 0,57 é
Iron 0.17 é
Niclkel 0.21
Magnesiun 0,40 $

TABLE 1 Thermal Conductivity of some
Pure Metals.

After Smithells (11) :




Materinl to he

Wolded

‘

Miller Wire

B.5.2001:
Part 2 designation

Fliosphorus deoxidised
copper

Conper+0,2§% Hn+0.¢}% Si
Copper+0.25% Ti+0,25% Al

C.8
(for nitrosen
are \JD]i}iTNT)

Tourh-pitch, ‘ch Copper+0., 0248 C.21
conductivity copper
Zinc-dcoyidisad coppzr None, or if required,
should natch parent
alloy
Aluminium brass Alvminiwa brass (1.8 to
2.%% Al, 0.02 to Go15
0.06% As)
Admivalty brass Admiralty bracs
(1.0 to 1.5% Sn) C.ld
"Cupro-nickela”
95/5 Cu-Ni alloy 05/5 alloy (+0.2 to 0.%
PiMn+Te ) ¢.19
00/20 Cu-ti alloy £0/20 alloy (40,2 to 0.7
PiaMnete )+ .17
90/10 Cu-Mi alloy or /16 alloy (40,59 T1i)
7¢/%0 Cu~Ni alloy 70/50 alloy (40, 5%
PiHin+e ) C.10
Fhosphor-bronze Copner+4.5 to G.(%
Sn+0,4% T (max.) €.10
Copper +6.0 to 7.5%
Sn+0.4% T (1aex. ) C.11

Solect C.20,C,11
to match composition
of pavent alloy.

+0.75 to 1,256 Mn)

7% alwainiwm bronze Copper+T% Al C.12
104, aluniniur: bronze Copner+10% Al 0,13
Alwninium bronze "Alloy E'¥(8 to 109 Al,

1.5 to 3.5% Fe, C.20
(Alloy D*) to 7% Ni)
Nickel-aluminium
bronze "Alloy [ .20
S51ilicon bronze verdur (Cu+2.75 to

%, 20% ,;1' C.9

hage alloya,

Publication "Inert Can Arc 'leldinsH

Kecommended filler wiren fox

Aftor Ingtituto

the conpoer

of vieldine

(12)

¥* 'euﬁﬂ N, Specilication Bl

+ Altepnatively, the 70/50 alloy may hie umods




Flement

ionization
enerey (e)

Element

lonization
cnergy (eV)

Na
Ligr

Al

]_‘1

Pb

10,9

1030

Table 3,

After DEN QUDEN

(72)

The ionization energy of some metals and Fases,




various gases,

After Lancaster.

(13)

Temperature or arc
Gas column close to cathode °C
Alkali metal wvapour 4,000
Alkaline earth vapour 5,000
Iron vapour 6,000
Argon (200 amp) 20, 000
Argon (500 amp) 30,000
Table 4, Temperature of the arc cohumn in




Gas

dissociation energy (eV)

4448
9.76
5.08

11.11

16.56

TABLE 5

The dissociation energy of some gases.

After DEN OUDEN (22)




Current Hydrogen Content of
Metal Liguid metal
ml / 100 g,

Hydrogen to
Fform
bubbles

ot

e
Amps Tn 19 At 11,0

Hydrogen undenr

Atmosphere 1 atmosphere

(with arc) Hydrogen
Iron 150 4625 30,2 50
Nickel 120 5.0 39 60
Copper 150 2.0 5.2 6.8
Aluminium| 100 375 0.7 0.04

Table @;. Ifydrogen concentration for

bubble formation in liquid,

(34)

After lowden & Milner




Metal Current Hydrogen Hydrogen under
static conditions
amps a5 ¢l
Aluminium 150.a.c. < 0,3 0.04
Copper 220 d.c. 0.7-1,0 6,8
Nickel 130 d.c. 25-30 GO
Magnesium 1415 a.c. < 0,3 100

TABLE

Hydrogen required to initiate porosity.

(50)

After Salter and lilner




SOLID COPPER Ref
imr, °C 300 | 400 | 500 | 600 | 700 | 00 | 900 | 1000 | 1083
SOLURILITY 0.01] 0.05|0.11} 0.21| - - - ~ - 1 (56)
ml T P./100g | - 0.06] 0,16] 0,31 | 0.49| 0,721 1.08! 1.57 | 2.10] (57)
- - - 0,111 0,271 0,55 0,891 1.34 | 1.90|(58)
LIQUID COPPER
rae, O 108231 1100 | 1150 ] 1200 | 1250 | 1300 | 1%50] 1400 | 1500
SOTUBITITY 6.0 | 6.3 | 7.5 83 19,3 110.3] 11,01 12,01 13.31(57)
ml LD /100g (5.1 | 5.4 | 6.3 | 7.2 | 8.3 9,2 10,4 11,0 ~ [(58)
Se4 | 5T | = [ T03 | - 94| - - | - L('”9)
TABLE 8 Solubility of Hydrogen in Solid

and Liquid Copper.

(11)

After Omithells




Experiment Level of Experiment Tievel of
o Variables Mo, Yariables
1 ATl low 17 b d
2 e f 18 a e
3 ahbadf 1@ c da
4 abde 20 bdelf
5 acdf 21 cde
6 acde 22 b e
7 a b 2% b
8 acef 24 a f
9 noc 25 abc e
10 becade 26 a d
11 bedf 27 adef
12 bcell 20 coe
13 b e 29 abof
14 d e 50 abecdef
15 d T 51 abecd
16 abef 32 c T

PABLE 9

TTalf Replicated Factorinl Dxperiment

The order of experiments ins random.
Tetter stated = high level

.ot stated = low level.

a., Current

b, Water vapour in Argon
¢, Arron flow rate

d. Welding cpeed

e, Weld preparation

£, Bace maberial,




Tactor Involved

Level

Tow !

High

Base lHaterial

Water Vapour in Argon
Argon [low rate

Weld preparation

Welding current®

Ylelding voltage

(L

Welding speed

DLPe

0
7.5 1/min
Butt weld

50 amps
25 amps

(3
(2

U

1L

1

1 i/ sec

TP A
0,0005 g/1
22,0 1/min
Melt run

(380 amps
(275 amps

115

8w/ sec

TABLE 10 EXPuRIMENTAL

VARTABLES

AVD LiSVELS

TN THE TALY REPLICATGH EATSRIMEHT

. . . . .0
Tungsten electrode size. Gmm dia, Tip angle 60

¥ Two levels of current needed to give
full penetration welds at high and

low levels of welding speed,

3
H




el R FLOW | WLDING | WELD  |BASE |CUZRENT| OAYGEN |DEISITY E
0. | VAPOUR GAPE SPTED PRED'N | AT COITENIT | 01 /LD i
g/litre | 1/min | mm/s Amps OF 'ILD| /ce
Wt .5
1 - 7.5 1 Butt DITP 225 0.0018 | 8,71
2 - 765 1 Melt 0P 225 0,0362 | 8,15
5 10,0005 7.5 8 Butt | TP %00 0,0281 | 7.09 ;
i
i
i
4| 0.0005 Ted 8 lelt DIP 380 0.0015 | 8.84 1
5 - 22,0 8 Butt TP 380 0,044 | 6441 9
6 " 22,0 8 lielt DIfP 500 0.0020 | B6.93
7 10.0005 |- 7.5 1 Butt DIlP 275 0.0022 | 7.31
8 - 22.0 1 Melt PP 275 0.0360 | 8,92
TAPLE 11 Summary of Results of Weld lMetal
Density and Oxygen Content for the
half replicate experiment,




LKP WATER T.ov WETDING | VEID BASE CURR: OXYGEN | DEHSTTY
0. VAPOUR RATE SPERD PREPIN} MAT'L CONTHIIT | OF WD
g/litre| 1/min mn/ s Amps OF WELD |/ ce
Wt %

9 - 22.0 1 Butt DIP 275 0.0013 8,708
10 0.0005 22,0 8 Melt DIP 350 0,004 | B,91
11 0.0005 22.0 8 Butt ETP 350 0.0245 | 6,00
12 0.0005 22.0 1 Melt TP 225 0.0134 | 6,27
13 0.0005 22.0 1 Butt DiP 225 0.0020 | 7.23
14 - ) 8 Melt np 350° 0,0026 | B8.93%

15 - | 7.5 8 Butt BTP 350 0.03%395 | 6.14
16 0.0005 75 1 Melt ETP 275 0.0130 | 5.35
TARLE 11 Continued




TP | WATER FLOY | VELDING | VELD | BABE | cUxmimT| oxvery | pemstry

HO. | VAPOUR | RATE  |SPEED | Puupry | 1apt CONTRNT| OF WELD
e/1itre | 1/nin | m/s hmps OF WELD| r/ce

Wt .2

17 0.0005 7.5 8 Butt DHP 350 0.0054 | 7.86

18 - 7.5 1 lielt DIP 275 0.0019 | 0,83

19 - 22.0 8 Butt DITP 350 0.0026 | 8,84

20 0.00G5 7.5 8 lelt TP 350 0.0248 | 5,85

2] - 22,0 8 Melt IDINS 350 0,0361 | 8,91

22 0.0005 7.5 1 Melt DITP 225 0,0019 |7.72

23 0.0005 7.5 1 Butt ETP 225 0.0173 |5.06

24 - 7.5 1 Butt TP 275 0.0%20 |8.60
TABLE 11 Continued

S A e e e e et




VAPER | TLOY WELDING| WELD BASE | CURREND| OXYGEN |DRISTTY
VAPOUR RADT SPRED PREPN| IAT'L CONTIIT| O WELD
[/ litre 1 / min r.un/ 3 Anps O WELD| ¢ / co
Wt. o

0.0005 22.0 1 elt DIP 275 0.0024 7,10

- 7.5 8 Butt DIp 380 0.0018 |08,91

- 7.5 8 Melt | RIP 3680 10,0340 |08,91

- 22,0 1 Melt DITP 225 0,00%3 | 8,07
0,0005 22.0 1 Butbt P 275 0,0100 [4.9%
0,0005 22.0 8 Melt P 300 | 0,0284 | 6,60
0.0005 22.0 8 Butt DHP 280 0.0035 |7.21

- 22,0 1 Butt ETP 225 0.0379 |8.81
TABLE 11 Continued




‘actor ox Significance Mmector or Signiflicance
Interaction Level Internction Level
[P 17 - / ~ -
Water Vapour 15a Vapour-Speed 15

; Plow linte IS, Vanpour=irrerarabion PRSI

. Woelding Gpecd a Oxvreeeny content- Ix

Veld TFrepavation

Bage I'atorial
(Ozypen content)

Current

Curront-Vavour

Current-Ilow

Currcent-Speed

Current-Trensoration

Curraent-~Croypen
Content

Vapour-i'low

Vapour
Plow=ipecd

Ilou~Preprration

Content

Snecd-ireparation

Speed-Cuzymen
content

Prepoaration-Oxysen
Content

1096

1%

pw‘j%

TADLL 12

Significence Lovels of the Lffeet of

e e e e et

Single Factors and Interactions on

Weld Metal Density.

N.&, laot Significant




Variable

Difference of licans:
Low to High

a/ce

Yater Vapour
Base Material
Weld Preparation
Welding speed
Yelding Current

Flow rate

‘

TABLE 13 ERsCT
METAL D

INGIE FPACTORS OM WELD




axp | wATER FLOW | WELDING| WerD | BASE | cUcadir| aeLd | DaisTrY
NO. | VATQUR | PA™E | SPEED | PREP'I | MAT'L OXYGHN
¢/litre| 1/min | mm/sec Amps Wt . % r/ce
1 - 7.5 1 B amic | 295 0,0010 | 8.66
2 - 7.5 1 11 Bp | 225 0.0362 | 8.15
5 | 0.0005 7.5 8 B STP | 380 0,0281 | 7.09
4 10,0005 7.5 & 1 omic | 380 0.0007 | £.91
5 - 22,0 8 B SP | 380 0.0441 | G.41
6 - 22,0 8 M o | 380 0.0010 | 8,94
0.0005 7.5 1 B oFe | 275 0.0045 | 5.56
8 - 22,0 1 1 WP | 275 0.0360 | 8,92
9t - 22,0 1 B orc | 275 0.,001% | 8,04
10 *| 0.0005 | 22.0 8 1 oric | 350 0.0012 | 8,96
11| 0.0005 | 22.0 8 B BIP | 350 0.0245 | 6,00
12 | 06,0005 | 22,0 1 1 mrp | 205 0,0134 | 6,27
15 Y| 0.0005 | 22,0 1 B omic | 225 0.0052 | 5,50
R 7.5 8 1 omic | 350 0.0015 | 08,96
15 - 7.5 8 B BeP | 350 0.0395 | 6.14
16 | 0.0005 7.5 1 i mrp | 275 0.01%50 | 5.35

TADLE 14

Content foxr

cmic

i

]

It

and E1P Copper.

Putt "eld

FHelt Run

Swrmary of ‘eld Metal Density and Oxygen

Zeplicated Experiment with




CURRENT JOTAGH ARC TIIE NTPROGHN TIESTRY
IN ArGOK
AcPS YOI 105 FRER Capir a/ce

200 11 0.5 0 8,93

300 11 1.0 6] O

S
.

500 11 2.0 ¢ 8.93

300 11 4,0 0 6,94

7200 11 0.H 1.0 341

300

)
L
©
')
[—
©
—
o)
e}
@
S
i

300 11 2.0 1.0 8.16

-

300 11 4.0 1.0 8.50

TADLE 15 Results of density determinabions of
0.7, 11.C., copper buttons arc melted in

argon and avgon 1 per cent nitrogen
atmogpheres ot a flow wate of 10

litres per minute.
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D ND

& .001 £ .00
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TADLE 16

Results of spectosraphic analysis

of 0., F.H.C., and E.1.P. copper

used in arc melting experiments,




g??iNG CURR:ITT | VOLTAGE | MATERIAL | DE:SITY | OXYGEN | HYDROGEN
(ﬁ:;s) (Amps) (Volts) g/cc W9 ml/lOOg
0.5 300 11 OTHC B.93 .0003 .16
1,0 %00 11 OIMC 8,93 0004 «15
2,0 500 11 OIMC 8.93 +0004 1.6
4,0 300 11 OFITIC - ;;4 .0003 16
0.5 %00 11 1arp 8,73 0303 o3
1.0 300 11 HTE 8.75 0353 14
2.0 300 11 BTP 8.76 L0316 o 14
4.0 300 11 BTP 8.75 .0306 o 14
TABLE Results of oxygen, hydrogen and

density determinations for OTHC
and EDPP copper arc melted in super

purity argon.




ARCTUG | VATER CURRENT | VOLTAGE | MATERTAL DEMSITY | OXYGEN | HYDROGEN
EAR VATOUR
(tins) | (V11) | (Amps) (Volts) (e/ce) | (wt.s') | (m1/100g)
0.5 140 300 11 OmIc A" 8.66 " | L0006 .08
1.0 140 300 11 OFTIC 8.65 .0007 e 31
2,0 140 500 11 Ve 8.76 | .0007 .39
4,0 140 300 11 OFHC 873 0007 e 35
0.H 140 300 11 ETp 8,06 0253 o L1
1.0 140 300 11 ETP 8,13 0278 012
2,0 140 300 11 TP 8,23 0167 o 14
4.0 140 300 11 LTP 8,27 0100 W16
1 230 300 11 OFHC 8,68 0006 + 45
2 250 500 11 OFTIC 8,69 . 0005 «40
4 230 300 17 OTIIC 8,67 | .0004 049
1 230 300 11 TP 7.75 0299 o 37
230 " 200 11 P 7.96 L0212 .38
4 230 500 11 ETP 8.05 0070 ¢39
1 540 300 11 LTP T.94 0264 « 28
540 %00 11 TP 8.02 |.0135 A1
4 540 300 11 ETP 8,88 | .0012 .40

18

TAELE

determination for OFHC and ETP copper

Results of oxygen, hydrogen and density

arc melted in argon walter vapour mixtures,




ARCING | VATER | CURRENT |VOLTAGE | MATENRT AL DE}I\.TSITYT | ;XYGEN ITYDROGEH

TS VATOUR

(11ins) (VIM) (Amps) (Volts) (g/cc) (Wt@f) (ml/lOOg)
G5 140 300 11 ETP/OFHC | 8,07 0.0117 0.16
1.0 140 300 11 BIP/0WIC | 6,29 0.0124 0,28
2.0 140 300 11 ETP/OTIIC | 8,32 00,0088 0,39
4.0 140 300 11 ETRP/OTIC | 8,74 0.0019 0,40
1.0 190 300 11 ETP/OWIC | 8,19 0,015% 0,18
2.0 190 %00 11 ETP/OTHC | 8.3%7 0.0069 0.40
4,0 190 300 11 ETP/OFHC | 8.80 0.0009 0,36

TABLE 19 Results of oxygen, hydrogen and density

determinations for equal weights of EIP

and OIHC copper arc melted in argon waber

vapour mixtures.

.

PEes

s et
R




ARCING | WATER CURRENT | VOLTAGE | MATLERTIAL | DENSITY | OXYGEN | HYDROGEN
TTIi VAPOUR
(ins) | (vir) | (Amps) | (Volts) (o/ce) | (Wt | (m1/100g)
10 100 350 11 OI'HC 8,70 0.,0008 0,15
2,0 100 350 11 OTHC B8:75 0,0004 0.50
4.0 1.00 550 11 0¥FTIc B.72 0,0005 0.54
TABLE 20 Results of oxygen, hydrogen and density

determinations for OFHC buttons arc
melted in an argon water vapour mixture

at an increased current.




ARCINVG | WATER CURRENT VOLTAGE  |HATSRIAL | CAYGHN Y SRCGEN

DI VAIOUR

(Nins) (VEM) (Amps) (Volts) WL ml/100s
4.0 1.00 300 11 GRIIC 0,000 ;5 0,38
4,0 100 300 11 OITIC 0.0003% 0454
4,0 100 500 11 O¥WHC (,0C03% 0,34

TABLE 21

Oxyeen and hydrogen contbentu ol three

0.7, 1.C. melts carried out under

identical conditions




ARCING | WATER | CURRVAT | VOLTAGE | MATERTAL | DENSTITY | OXYGEN | HYDROGEN
PITE VAPOUR
(ins) | (vi1)) | (Amps) | (Volts) (g/ce) | (Wt.o) | (ml/100g)
1.0 100 300 11 OFHC 8,681 0,0001. 0.64
2,0 100 300 11 1.681 8,79 0,0001. 0.59
4,0 100 200 11 W5 Ti }| 8,80 0,0001. 0.69
L0 100 300 11 yﬁflgLyw 3,90 0,0001. 0,52
2,0 100 %00 11 0,12 8,84 |0,0001 | 0.48
4,0 100 200 11 Wiss Ti 8,84 0,0001 0.53
1.0 100 350 11 OTTC 8.88 0.0001 0.88
2.0 100 350 11 1.81 8.81 0,0001 0.77
4.0 100 350 11 Wt% Ti || 8,90 0.0001 0.77
TABLE 22 Results of oxygen, hydrogen and density

determinations for copper titanium alloys

arc melted in argon water vapour mixtures.
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s 1
ARCTIIG | "TATER CUTRIND | VOLUAGH  MATERTAL | DINSTIY | OXYGEN | IIYDROGIN
pARgID) VATQUR |
(tiins) @ (VPL) (Amps) | (Volts) Wt 9% ml/10Cs

1.0 | 130 300 11 OTTIC/
t 1.3 wtHhal| 0,77 0002 .56

2.0 130 200 11 S 8,74 L, 0002 o5

4.0 130 | 300 11 o 8.76 0002 56

1.0 1%0 200 11 | omne/
pala wi%Al | 8.03 . 0003 3
{

ON
N

2.0 130 500 11 -y 0,91 . 0004 .0
:
4.0 130 300 11 | —.- 8.9 . 0004 .33 @
i
;_?E

TARLE 23 Tesults of oxyeen, hycrorsen and density

determinations for coppaer aluminium

alloys arc maelted in an ~rgon water

vapour mixture.




using the equation of Allen and Hewitt,

(1)

vhere [H]

)

pH20

It

il

i

il

i/// pHM
[N

0
2

-
VATER VAPOUR CULRINT | TATERIAL | OXYGEN HYDROGET YAY VALUE
T ARGOM COMWNT CONTENT
LT OO - o’ 4
ATT .OSTHERE (AjﬂpS) Wt .0 { mgﬂg/]_()@g)
s ~6 o _ i}
150,% x 10 300 OLHC 0.0007 00,0315 0,068
. b6 Y . .
247.0 x 10 300 QUTIC 0, 0004 0.0441 0,056
_ 0 .
579.8 x 10 500 ETP 0.0012 (., 0360 0,0h2
"“'6 N ey 7 « .
204,0 x 10 300 TP/ OFHC 0.0009 0,0324 0,068
. e Y e s o .
107.4 = 10 300 OFTiC 0,000% 0,0%42 0,057
-0 )
107.4 x 10 300 O¥WHC 0,060% 0,0306 0,051
107.4 x 107" 300 OFHC 0,000% 0.0306 0.051
TABLE 24 Calculation of Apparent Equilibrium
conctants under arc melting conditions
(15

button hydrogen content mgsﬂydrogen/loog

button oxyren content, Wt 5

partial pressure of witer vapour (atmomphere)

s e




ARCTHG | 'WDRCGEN | CURRENT | VOLTAGE | MAPERTAL | OXYGEL
I I ARGOH
(Mins) | (7.0.000) | (Amps) (Volts) Ut %

0.5 280 500 11 MR L0222

1.0 280 500 11 P ,0148

T A St

oS!

.0 200 500 11 BN 0057

4.0 280 300 11 NG 0018

TABLE 25 Oxygen contents of BTP copper arc

melted in an argon, hydrogen mixture,




ARCTNG

T

(Liins)

HYDROGIN

ARGONL

(VPL)

CRYGHN
DARGON
WV

i)

o e e s

CUHRIT

(Amps)

JCLTAGHE

(Volts)

PATERTAT

OXYGHI

(Wt

fro e e i e

IYDROGEN

(¥1/1002)

0.5 53 - 3500 11 OFfC o 0.51
1.0 53 - 300 11 ORYIC - 0.52
2.0 5% - piels: 11 OIMiC - 0,52
4,0 5% - 500 11 GIC - 0:53

17

300

CRC

0,0009

1.0 - 17 500 11 GIc 0.0009 -
2.0 - 77 500 11 CIMIC 0.0013 -
- T 500 11 G0 0.0011 -

TABLE

Hydrogen and oxygen contents of OITC

copper arc melted in argon, hydrogen and

arpon, oXygen mixtures,




ALULINIUH ‘ COPPER NICKEL
1P O S0L.m1/1C0sg T PC | S0L,ml/100s 1 POg 50L,m1/100g |
550 | 0,0012 (300 | .01 fgoo 2.0,2.4,2.5,
400 | 0,0028,0,0050 400 | .05, .06, 400 | 2.5,3.2,%.7,
5 d 500 .011,.013, 500 | L11,.16, 560 | 3.3,4.2,4.9,
600 .030,.026, 600 | .21,.51,.11, 660 | 4.5,5.4,6.1,
66O .05C, . 0306, S¢ 700 | .49,.27, 700 | 5.6,6.7,7.2,
. 800 | .72,.5%, 800 | 7.0,0,0,8.4,
660 - | <69, .43, 900 | 1.08,0,09, 9C0 | 8.5,9:¢54944,
700 .92,.6%,.90, 1000| 1.57,1.34, s{ 1000] 10.0,11.1,
LJ750  |1.23, 1083 2.1,1.9, 1100| 11.5,12,7,
8OO | 1.67,1.2%,1.75, + 1200] 13.0,14.3,
900 2.10,2.75, (1083| 6.0,5.1,5.4, 1300| 15,9,
1000 | 3.51,4.15, 1100 6.%,5.4,5.7, 14000 17,5, 18,0, |
1150 | 7.4,6.%, 1455 18,5, f
12001 8.%,7.2,7.%, + ;
L4 1250 | 9.3,8.3, (1453 ] %9.2, |
1300 | 10.%,9.2,9.4, 15001 40.9,%8.5, i
1350 | 11.1,10.4, L4 1570| 36.8, !
1400 | 12.0,11.8, 11600 42.5,40.5,
1500 | 15.3

TABLL 27 Solubility of hydrosen at 1 atmogphere pressure in
aluminium, copper and nickel over a range
of temperatures,

(After Smithells (11))

+ llelting loint

5 = Solid

i
i
i
4

—t

L = DLiquid




HEDATL PEYDHOGEY SOLUBILITY TYPLl OF POROSITY
RATIO R

ALUFTIIUL R 13.02 ROUHD PORIES

it

COPPER = 2,75 HERRINGBONE 5

NTCHEEL R = 2,14 CLITPRS TIME

TS

TARLE 28

T T D T -

Hydrogen solubility ratios (R) for

aluwninium, copper and nickel,

mean hydrogen solubility in liquid
R = at melting point

mean hydrogen solubility in solid at
nelting point.
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\llustration removed for copyright restrictions

Fig. 1. Schematic representation of the three
different regions of the electric arc.

After Den Ouden (22>
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I'ig. 2. Dissociation in molecular gas

at 1 atm pressure.

24)

After Iudwig (

Mg, 3, Total thermal conductivity of
some representative gases as a function
of temperature (calculated).

\
After Tudwig 24)
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Fig, 4., Temperature distribution in a
200 amp argon-shielded tungsten/copper

arc,

5)
After Olsen (2)’
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Fig, 5, Hydrogen solubility/temporﬁture curves,

A
After Howden and liilner (34)

=

Aston University

llustration removed for copyright restrictions

Iig, 6. Model of gas absorption in T.I1.G. arc
welding showing the high temperature zone
under ‘the arc and convective forces in

the weld pool.
34)

After Houden and Milner (
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Fig 7. Relationship of weld metal Nitrogen
content and shielding gas
composition in the metal inert gas

arc welding of mild steel,

After Blake and Jordan (44)
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Figure 10

(a)

Effect of titanium on the porosity in O.F.H.C.
bead on plate runs using shielding gases of

Argon Nitrogen mixtures.

Effect of titanium on weld metal Mitrogen content
of O.F.H.C. head on plate runs using shielding
gases of Argon Nitrogen mixtures.

After Kobayashi(qg)




Figure 11: Micrograph showing weld metal porosity in E.T.P, !
weld number 5.

MAGNIFICATION: - x 300
ETCHANT: -~ ALCOHOLIC FERRIC
CHLORIDE

Figure 12: Micrograph showing edge of weld metal in E.T.P.
weld number 8.

MAGNIFICATION: - x 300
ETCHANT: - ALCOHOLIC FERRIC
CHLORIDE
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Figure 14 Effect of base material and water vapour content of

shielding gas on weld metal density at a constant

welding speed of 4 mm.per second.

(a) D.H.P
(b) O.F.H.C.

(c) E.T.P.
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Figure 15 Effect of welding speed and base material
on weld metal density, using a shielding gas of

argon, 540 vpm water vapour
A D.H.P.
d O.F.H.C.

© E.T.P.
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Figure 17 Effect of welding speed on density of E.T.P. cepper

0] Melt runs

& Butt welds.
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Figure 18 Effect of welding speed on the density of
O.F.H.C. copper weld metal using a commercial

purity nitrogen shielding gas.




Figure 19 Porosity produced in O.F.H.C.

copper using shielding gases of:

a) Commercial purity nitrogen
b) Argon + water vapour

c) Argon + hydrogen




Figure 20 Porosity in O.F.H.C. copper weld metal

using commercial purity nitrogen

shielding gas.
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Figure 21 Effect of welding speed and nitrogen content of
the argon shielding gas on the density of O.F.H.C.

melt runs.
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Figure 22 Effect of nitrogen content of the shielding gas

on the density of O.F.HE.C. T.I.G. + filler bead

on plate runs using filler wires:-
{a) Nitrofil

{(b) Argofil.
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Figure 23 Density of O.F.H.C. copper buttons arc melted

for varying times in atmospheres of;
(a) argon

(b) argon, 1 per cent nitrogen.
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Yirure 24 (a): Schematic represzentation showing the

essential features of the controlled

atmosphere arc melting box,
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Figure 27 Hydrogen contents of copper titanium alloys;

(a) Copper, 1.8 Wt.% titanium arc melted in an

| argon, 100 vpm water vapour mixture.

(b) Copper, 0.12 Wt.% titanium arc melted in

an argon, 100 vpm water vapour mixture.




(a)

(b)

FIGURE 28(a) (b):

MAG, X6,500

MAG. X8,000

The bright central zone and light oxide
skin of 0.F.H.C. copper arc melted in argon,
100 v.p.m. water vapour for 3 minutes at

300 amps.
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Figure 30

ARCING TIME (MINS)

Oxygen contents of E.T.P. copper arc melted

in:

®

super purity argon
argon, 230 vpm watexr vapour
argon, 540 vpm water vapour

argon, 280 vpm hydrogen.
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Hlustration rem oved for copyright restrictions

Unive

FIGURE 34

The standard free energies of formation
of the nitrides per pound-mole (or
gramme-mole) of Nz(gas).

After Elliott and Gleiser(73)




(7L) NYQJJ0L PUBR SYWWVYT X233¢
v .

‘sunx 93eTd UC peaq TTIOILTN pue
o ‘5 T*W JO A3Tsusp a8yl uo psads HuTpIsm pue usPoOIITIN JC 230293714

§ UOHIAY UT USHOIITN

O0T 06 08 oL 09 0§ oy Ot o¢ 81 91 T <1 o1 8 9 % 4 O

1 ] ] 1 ] { 1 P {1 1 ] l 1 1 ] { { 1
N 0¥
\\\\\\\\X B
\\\\\\% o
X
x - 09
/f
b4
XI.I/IIX * - O.N‘
b'e
.wa\EE z
( .me\EE 8 ( v - .
1T2099Y) 1I13099Y) 0°8
VSN SRR S e CEE T R0 PR J S
_ 0°6

( -oesfum g pue .umm\ee b TIIO4LIN)

S¢ aanbtd

K3 tsusaqg

o0/b




