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WELDING OF CARBON STEEL VESSELS
WITHOUT POST WELD HEAT TREATMENT

ABSTRACT

The methods available for the repair welding of carbon steel vessels without
post weld heat treatment and with particular reference to service in a sour
environment have been reviewed.

All the available techniques have the common aim of providing adequate
properties in the weld metal and Heat Affected Zone without the need for a
full post weld stress relief. The heat that is required to provide the
necessary metallurgical changes comes, therefore, from an alternate source.
The two sources used are heat from suitably placed subsequent weld passes
or from localized external heat sources.

The technique presently being used by Ontario Hydro to repair vessels subject
to sour service utilizes both a high preheat and a welding technique which is
designed to temper the Heat Affected Zone formed in the base material by the
first weld pass. This technique is an improvement over the 'half bead1

techniques given in the ASME XI code and has been shown to be capable of
reducing the hardness of the heat affected zone to an acceptable level.

Certain recommendations have been made which could improve control of the
technique presently used by Ontario Hydro and provide measurable parameters
between procedural tests and the actual weld repairs.

RESUME

Le rapport traite des methodes disponibles de soudage sans chauffage ulterieur
pour la reparation des cuves d'acier au carbone particulierement dans un milieu
gazeux acide.

Toutes les techniques disponibles ont pour but d1assurer des proprietes
adequates du metal de soudure et de la zone touchee par la chaleur, sans avoir
recours au processus complet d'affranchissement de la contrainte apres soudage.
La chaleur necessaire pour assurer les modifications metallurgiques provient
done de deux autres sources, soit actuellement des cordons de soudure
ulterieurs judicieusement places ou des sources externes determinees.

Ontario Hydro utilise actuellement une technique pour reparer les cuves soumises
a un milieu gazeux acide, qui fait appel a un prechauffage intense et a une
technique de soudage qui est congue pour temperer la zone du materiau de base
touchee par la chaleur du premier cordon de soudure. Cette technique represente
une amelioration par rapport aux techniques de la "demi-perle" ("half-bead")
qui figurent dans la norme ASME XI et on a pu demontrer qu'elle etait capable
de reduire la durete de la zone touchee par la chaleur a un niveau acceptable.

Le rapport fait etat de recommandations qui pourraient ameliorer le controle
de la technique actuelle d'Ontario Hydro et fournir des parametres mesurables
entre les essais stipules dans les marches a suivre et les reparations reelles
par soudage.
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A. INTRODUCTION

Fern"tic materials fabricated to form pressure vessel components in
thicknesses greater than 37mm are required by the relevant design
codes to be stress relieved prior to service. This heat treatment is
performed to relieve the residual stresses resulting from forming and
welding operations, reduction in stresses being achieved by creep
relaxation at a temperature of approximately 620°C. The heat treatment
also has the effect of tempering the microstructure so that hardened
areas, normally confined to the heat affected zone surrounding the
weld, are softened to give a more ductile and tougher microstructure.

Critical components such as reactor pressure vessels are normally
designed for a certain life before replacement. However, during
service, defects often appear either due, amongst others, to incor-
rect design, fatigue, corrosion, or because the environment was more
aggressive than expected. Frequently, initial fabrication errors
are also found due, in part, to the increased sophistication of
Non-Destructive Examination techniques used during 'in service'
inspection.

To repair such defects presents a problem in the respect that in many
cases it is not always possible to perform a stress relief treatment
on components in situ. This results from the risks involved in dif-
ferential thermal expansions leading to possible distortion, over-
heating of critical components, or loss in strength leading to
buckling.

In pressure vessels where there is no anticipated corrosive environ-
ment, the major considerations for repair welding are the provisions of
a satisfactory heat affected zone (HAZ) microstructure from the view-
point of reducing the risk of hydrogen induced cold cracking and the
maintenance of adequate toughness to reduce the risk of brittle frac-
ture. Cold cracking is dependent upon the following factors; a suscep-
tible microstructure, hydrogen content, stress level and temperature.



When using low hydrogen procedures, much evidence exists to show

that mi crostructures with hardnesses below HV 350 in the HAZ are

adequate to prevent the onset of cold cracking. As a consequence,

repair procedures exist which prescribe preheating/post-heating

temperatures and electrode control in order to limit the HAZ hard-

ness to HV 350 and below. Additionally, techniques are given for

the reheating of the HAZ in order to recrystaiiize or temper it and,

therefore, provide a tougher microstructure. The item that remains

is the residual stress, resulting from the welding repair operation.

In an environment which can cause sulphide stress cracking (SSC), the
microstructure becomes more significant as a hardness value of HV 350
may not be sufficient to suppress the onset of sulphide stress
cracking. Such conditions exist in Canadian Heavy Water Plants where
the corrosive environment is aqueous hydrogen sulphide (H-O-H-S). As
sensitivity to sulphide stress cracking increases with material
hardness, the relevance of hardness control to avoid it is plainly
evident, and design to avoid its onset has been almost universally
based on the adoption of the Rockwell HRC 22 (HV 250) criteria.

It can thus be seen that welding procedures designed to facilitate in

situ repair based upon a hardness criteria of HV 350, are unsatis-

factory in an environment whieh promotes sulphide stress cracking.

This report, based on a survey of current literature and known

practices, reviews and discusses the techniques available for the weld

repair of ferritic steels with particular emphasis on the conditions

existing in the sour service environment of heavy water plants.



B. HEAT TREATMENT

As a background to the various methods available for performing weld

repair, it is essential to describe the types of heat treatment that

may be applied to weldments and why such heat treatments are neces-

sary.

In this section, heat treatments will be discussed from the point of

view of those that are appropriate to this review and which are

applicable to PI type steel? with compositions similar to ASTM A516

Grade 70. Reference will be made to the equilibrium diagram for the

Fe-C System which is shown in Figure 1.

Using a steel composition of A516-70 type with a carbon content of

approximately 0.23%, then it can be seen from Figure 1 that above the

AC, line at a temperature >850°C, the structure of the steel will be

completely austenitic. During slow cooling, the structure changes

with reduction in temperature through the AC,-AC, lines (i.e., be-

tween 850-690°C, a region known as the intercritical) with a percent-

age of the austenite transforming into ferrite. Below AC,, the

remaining austenite then transforms into a mixture of ferrite and

iron carbide known as pearlite. As a result, the final structure

of the slowly cooled steel consists basically of the two phases,

ferrite and pearlite, mixed in a percentage which depends upon the

carbon content of the steel.

In a weldment, the slow cooling rates necessary to provide the above

do not occur since, in essence, a small bead of weld metal is rapidly

cooled on contact with a colder mass of parent material or a mass of

previously deposited weld metal which is considerably cooler than the

molten weld bead being deposited. Consequently, the parent material

which sees the heat of welding, the heat affected zone, and the weld

bead itself cool at an accelerated rate which can produce a mixture

of structures containing hardened constituents such as martensite



and bainite in the base material. In many cases, such structures are
undesirable to the overall quality and integrity of a structure and,
therefore, steps are taken to minimize such microstructures, many of
these relating to heat treatments in one form or another.

1. Preheating

Under certain conditions, steels of the C-Mn type are susceptible to a
form of cracking in the Heat Affected Zone (HAZ) of a weld which is
known by various names; such as hydrogen-induced cracking, underbead
cracking, cold cracking or HAZ cracking. Hydrogen may be present in
deposited weld metal as a result of breakdown of contaminants in
consumables, such as moisture in electrode coatings. The term 'cold
cracking' is used to indicate that this form of cracking is found to
occur only when the joint has nearly or completely cooled to room
temperature. In many cases, this problem can be overcome by the
application of preheat. Preheat is beneficial in preventing cold
cracking for two reasons; firstly the slower cooling rates from welding
may reduce the tendency for the formation of susceptible micro-
structures in the HAZ. Secondly, the preheat maintains the HAZ at a
temperature where susceptibility to cracking is reduced, giving time
for the hydrogen level to drop by diffusion away from the joint. This
form of cracking occurs only in susceptible microstructures in the
presence of hydrogen and under tensile stress. For the C/Mn steels, a
reasonable indication of the presence of such microstructures is given
by hardness exceeding HV 350, which corresponds to the formation of
microstructures containing martensite and in some cases, bainite.

It has been found that the response to varying cooling rates of
different steels in the C-Mn range, can be conveniently expressed in
terms of carbon equivalent formulae, in which the chemical composition
of the steel is expressed as the sum of the effect of different
elements on hardenability. The most commonly used expression is that



given by the International Institute of Welding viz;
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2. Postweld Heat Treatment

(1) Low Temperature Hydrogen Diffusion

This consists of increasing a predefined preheat to a low

temperature hydrogen diffusion temperature of approximately

250°C and holding for a period to allow diffusion of hydro-

gen away from the joint.

(2) Stress Relief

Stress relief consists of heating a weldment to a temperature

below the lower critical point - AC,, usually in the range of

480°C to 670°C, such that there is no transformation to

austenite and the ferrite-pearlite structure and grain size

remains unchanged.

Welded structures have residual stresses near the yield

strength whether or not there was external restraint during

welding. These stresses can cause a number of difficulties

in a weldment. The likelihood that any of these difficulties

will occur is dependent, of course, upon the combination of

steel composition, welding process, weldment design or ser-

vice conditions. In C-Mn steels, relief of stresses can,

however, result in the following improvements:

(a) Minimized susceptibility to fracture development par-

ticularly under conditions which call for high notch

toughness.

(b) Improved dimensional stability.

(c) Increased resistance to corrosion, especially stress-

corrosion cracking.



With regard to weldments, the adoption of a stress relief

heat treatment is to relieve these stresses by the dual

process of recovery and relaxation through the temperature

range and to soften hardened regions by tempering.

(3) Tempering (Drawing)

Raising the temperature of hardened steel to any temperature

below the lower critical temperature is called tempering.

The heat-affected zone close to welds, made with insufficient

preheat in medium-carbon steels, cools so rapidly as to be

hardened. While the HAZ is above its critical range during

welding, it consisted of austenite containing many times as

much carbon in solid solution as is soluble at room tempera-

ture. Ouring fast cooling, the austenite changes largely to

martensite: the hard body-centered tetragonal form of steel.

In general terms, when the temperature is raised during
tempering, the zone containing martensite undergoes three
changes:

(a) Martensite changes to ferrite (body-centered cubic

structure) with the precipitation of fine carbides from

the super-saturated tetragonal lattice.

(h) Any retained austenite that has not changed to marten-
site during fast cooling changes to ferrite and carbide.

(c) The minute carbides in the martensite and the larger
carbides in other constituents, such as fine pearlite,
increase in size.

The temperatures at which changes (a) and (b) occur are not
known precisely but, in carbon steels with about 0.7% C,
they occur at temperatures up to 250°C. The growth in size
of carbide particles is continuous as the temperature is
raised. Change (c) seems to account for the major drop in
hardness on tempering; that is, the hardness of lightly



tempered martensite depends upon a fine dispersion of carbide

particles on each crystal plane, which hinders slip and thus

raises hardness while reducing ductility. Tempering at

higher temperatures coarsens the carbide particles and re-

duces their number, thus reducing hardness. The hardness

after tempering depends primarily on the tempering tempera-

ture, time at temperature being of secondary importance.

(4) Grain Refinement (Normalizing)

Grain refinement of a weldment occurs by heating the

structure or weld area to a temperature above the AC3 for

the particular composition. For 2 steel containing 0.23C by

weight, this temperature would be in excess of 850°C. Above

this temperature, the ferrite pearlite is transfered into

single phase austenite and, providing the temperature is held

within approximately 50°C above the A_, for a certain length

of time, a fine grained structure of ferrite and pearlite

with increased resistance to fracture, results on cooling.

As an example, the most common requirement for a grain

refinement treatment in C-Mn weldments is for those fabri-

cated by the electroslag welding process. The electroslag

process, which is particularly attractive for welding thick

sections with a single-run weld, brings with it problems of

excessive grain coarsening in the HAZ close to the fusion

boundary. Also, the cast structure of the weld metal itself

has relatively poor fracture properties compared with those

in plate material of similar composition. In some appli-

cations, the fracture toughness of the HAZ and weld metal

of electroslag welded joints is regarded as unacceptable in

the as-welded condition. Considerable improvements in

fracture properties for these regions can be obtained by a

grain refining treatment after welding since such a treat-

ment produces a considerable reduction in grain size in both

weld metal and HAZ.



C. REPAIR METHODS AND FEATURES

Repair methods follow normal welding practice with adjustments, where

possible, to simulate the effects of post weld stress relief.

Several methods have been developed for repair or new construction

without post weld heat treatment:

1. Half Bead Technique.

The technique was developed in the U.S.A. specifically to give good

HAZ toughness without post weld stress relief and is mandated by

ASME Boiler and Pressure Vessel Code for repair of nuclear power

plant equipment. This is achieved by tempering the HAZ in the

weldment being repaired by the heat from subsequent passes. De-

scribed in detail in ASME X I ^ and based on the ASME III ( 2 ) repair

welding procedure, the technique, which is limited to the shielded

manual metal arc (SMAW) process, consists of milling or grinding a

suitable cavity and laying one layer of SMAW buttering using a 2.4mm

(ASME XI) diameter electrodes. Following completion of the buttering

layer, half its depth is then ground off and a subsequent layer using

larger electrodes of 3.2mm diameter is deposited. The repair area is

then filled using electrodes no larger than 4.0mm diameter.

The cavity is over-filled, and ground back, to ensure that the last

passes remaining in the structure have been tempered. The ASME

codes lay down very strict controls on the specific technique:

(1) qualification of the welding procedure by welding a test
coupon which simulates the actual repair in terms of re-
straint and access;

(2) use of electrodes specially processed and stored to yield a
very low deposited weld metal hydrogen content (i.e. low
coating moisture content);



(3) control of the shape and size of the excavated cavity to

ensure adequate access for manipulation during welding;

(4) use of a high preheat temperature (177°C) with adequate means
to ensure it is maintained for the full duration of the
repair operation; and

(5) a low temperature post-weld baking treatment at 232-288°C to

assist hydrogen diffusion.

The principle behind the technqiue is to deposit a first layer of weld

metal of consistent thickness using small electrodes and no weaving

which results in a thin but relatively hard heat affected zone (HAZ).

After grinding to remove half the bead and even the thickness of the

first layer, the second layer is made, using the same no-weaving

technique and an electrode one size larger than that employed in the

first layer. The HAZ of the second layer thus lies partly within the

fusion zone of the first layer, and partly overlies the first layer's

HAZ. The intended result is that the highest temperature portion of

the second layer's HAZ will lie entirely within low carbon deposited

first-layer weld metal, where grain coarsening associated with it will

be of little consequence. The outer portions of the second layer's

HAZ where peak temepratures are lower, coincides with the base metal

hardened by the first layer of the weld, refining it to a finer

grained, low hardenability structure, or tempering it. Thus, the

entire heat affected volume of the base metal will effectively display

a normalized or tempered structure after completion of the two

layers. The high preheat of 177°C maintained throughout the repair

welding operation and continued until the low temperature heat treat-

ment, serves along with the low hydrogen control of the electrodes to

prevent hydrogen induced cold cracking.
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The half bead technique has been critized for its operation and

complexity and the difficulty of determining if half the first layer

has been removed. It has been reported^ ' that it proved rather

difficult to obtain reproducible measurements in the cavity when the

repair area is maintained at a preheat of 177°C.

2. C.E.G.13 Two Layer Refinement Technique.

This technique was developed by the C.E.G.B. (in the U.K.)/ 4) specifi-

cally for reclamation and repair of h Cr h Mo h V castings and its

primary aim is to enable these to be welded with minimum risk of

reheat cracking during subsequent postweld stress relief. Such

castings could be very prone to reheat cracking, and this procedure

was, therefore, developed specifically to prevent this by destroying

all course-grained H.A.Z. regions or at least to break up the austen-

ite grain boundary regions by intercritical thermal cycles induced

by subsequent weld passes. This is accomplished using basic coated

low hydrogen 2 Cr-Mo electrodes by depositing the first layer using

3.25mm electrodes with a stringer bead technique with at least 50%

overlap. Weaving is not permitted. Welding current is closely con-

trolled and the subsequent passes are made with 4.0mm electrodes with

the tip of the electrode directed at the toe of the previous pass.

-The weld is then dressed to remove surface defects such as notches or

undercut and, unlike the half bead technique, is then post weld stress-

relieved.

Control of the relative heat inputs of the two layers was shown to be

essential for refinement success and considerable effort was expended

in demonstrating the variations in welding parameters that could be

tolerated while still achieving satisfactory results. The variations

in heat input ratio are given for various preheat levels, using basic

coated electrodes which may well vary if other classes of electrodes

were used.
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Whilst refinement differs from tempering, the work performed in

developing this technique, introduces a more precise method of

depositing the weld beads.

3. Weld Bead Tempering of the HAZ

A theoretical investigation into the use of temper bead welds to

temper the HAZ at the tos of welds was published in the Scandinavian

Journal of Metallurgy^ . Although directed at the regulations which

limit HAZ and weld metal hardness because of corrosion considerations

for initial fabrication, it is equally applicable to repair situations.

When hardness limits of HV 280,HV 300 or HV 325 cannot be met by

suitable preheat or welding conditions, then deposition of temper

beads has been suggested as a means of reducing the hardness of the

HAZ. The procedure is indicated schematically in Figure 2, showing

two temper beads (black) in the lower sketch. If the beads are

properly positioned with respect to the fusion line, the outer (Ac-,)

countour of the HAZ produced by the temper bead should just touch

the fusion line of the last filler pass as indicated in the upper

sketch in Figure 2. The material re-austenitizeci by the temper bead

would then be weld metal, which is not likely to develop high hard-

ness peaks due to its lower carbon content, while the HAZ remaining

from the last filler pass would be tempered at a temperature below

the lower critical temperature.

The shape of the fusion and transformation boundries and the width of

the transformed zones sketched in Figure 2, will clearly depend on

welding conditions, i.e., heat input.

The work consists of applying the results of isothermal and pulsed

tempering experiments to calculated thermal programmes to predict

the results of a tempering operation. For the low preheat levels of

approximately 20°C used in the investigation, it was shown that the

temper pass required very precise positioning for successful results.



12

4. CEGB Cold Welding Technique

The Welding Institute (U.K.) gave the following account of the above

technique in reference (6).

This method has been developed recently by the CEGB to enable repairs

to be made to HCr ^Mo %V components during service. A prerequisite of

such repairs is that they should be made without preheat or postheat

(although preheat may be used in practice), give a repair free from

hydrogen cracks, be amenable to ultrasonic inspection (thus precluding

the use of austenitic materials), and also give a repair with

sufficient high temperature ductility to survive ~20,000 hr in

service, i.e., until the next major planned outage, when the

component could be replaced, or repaired using more established

procedures, specifically developed by CEGB for Cr Mo V materials. It

has been demonstrated that a satisfactory repair can be made by using

a low carbon 3$Cr 'sMo ?tV basic electrode, which has a low hardenabiiity,

together with a carefully planned welding procedure which maximizes

refinement of nricrostructures by heat from subsequent passes. The

procedure developed requires that electrodes are baked to give a

hydrogen level of less than 6ml/100g of deposited weld metal. The

floor of the preparation is welded with 3.2mm dia. electrodes, and all

other welding is done with 5.0mm electrodes. In order to obtain

maximum HAZ refinement, a current of 140A, with a nominal travel speed

of ~3mm/sec was specified. There is at present no performance

evaluation data for such repairs, although it is understood that the

procedure has been used for non-critical in service components and

these are being closely monitored.
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5. C.R.C. Local Post Weld Heating.

In order to satisfy the NACE HRC 22^ ' hardness requirements in the

HAZ's of low heat input, ell position circumferencial welds in thick-

waned gas transmission pipelines, C.R.C. - Crose International of

Houston, Texas, U.S.A. have developed a traveling heater^ ' which

consists of a series of heating torches mounted on a single traveling

carrier and spaced apart in sequence. The heaters are passed along

the newly welded joint and locally heat the metal and temper the hard

areas of the HAZ.

Parameters; e.g., heat intensity and travel speed are determined

during pre-production qualification and then subsequently used for

production. The patent description also claims to reduce heat induced

stresses in electric arc welding of large workpieces such as thick

walled pipe. This latter claim must be questioned as it is well known

that localized heating results in high residual stresses. The most

that could be realisticaly claimed is that the heating modifies the

residual stress pattern around the welds. The most probable reason

for using this technique as opposed to a full circumferencial stress

relief is that it is faster and, therefore, more suited to the high

production environment of an offshore pipe lay barge.

6. Other Local Tempering Methods

(1) Electrodes, usually the cellulosic type, originally developed

for preheating before welding as manufactured by Lastek

Engineering of Maidenhead, U.K/ ' could be used for local

tempering of weld HAZ's. However, a problem with the use of

these electrodes would be that it is difficult to be certain

that they have been used correctly, as their use leaves a

less obvious, inspectable trace than a conventional weld

bead.
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(2) Heating with exothermic powders (Fe* 0, + Al) has been used

for stress relief, but this could prove time-consuming if

much weld had to be heated, and care would be needed to

achieve the correct temperature.

(3) The use of an arc process without filler material such as

Gas Tungsten Arc Welding or Plasma Arc Welding to provide

local heating is possible. Difficulties may exist in

determining the areas heated as there will be no weld

deposit but this would not be a problem with an automated

technique.

(4) Local heating with electric or gas heaters similar to the

CRC system is possible, but problems could be encountered

with temperature measurement. High residual stresses could

result from localized heating, and tempering should be

considered as the only possible benefit.

7. Mechanical Treatments

(1) Mechanical Stress Relief - Overloading,

It has been suggested' ' that whilst no evidence exists to

confirm the effects of mechanical stress relief on stress

corrosion, it is to be expected that, if residual stresses

are a major factor, mechanical stress relief by overloading

will be beneficial. There would, however, be no thermal

tempering of the HAZ and major practical difficulties may be

experienced, such as foundations being inadequate to support

the loads imposed during a hydrostatic test. The

temperature for overloading must be considered very

carefully to ensure that failure by brittle fracture does

not occur.
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(2) Vibratory Techniques.

Claims have been made that relief of residual stresses can

be achieved by vibratory technique ;. Evidence on this

subject is slight and that which exists suggests thst the

treatments are of limited effect. Some users have apparently

achieved beneficial results from applying vibratory

equipment to welded components where the problem has been one

of maintaining dimensional stability during subsequent

machining. Vibratory treatment cannot be regarded as being

equivalent to thermal or overload stress relief treatments

and is not suited for cases where failure by fatigue,

brittle fracture or stress corrosion, is a possibility.
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0. ONTARIO HYDRO TEMPER-BEAD TECHNIQUE

The Ontario Hydro procedure PM-636-83 reproduced as Appendix 1 is

basically a hybrid of the ASME XI temper bead and CEGB two pass grain

refinement techniques.

Features of the procedure are:

(1) Procedure qualification.

(2) Welder performance qualification.

(3) Strict limitation on procedures use.

(4) Specification of SMAW process only with the use of a

specially conditioned E7018 electrodes.

(5) Specification of welding technique, including the electrode
size for first, second and subsequent layers. A require-
ment for the heat input of the second layers to be twice that
of the first layer.

(6) Magnetic particle inspection is performed on every layer,

and grinding of the layers is permitted to produce a

suitable surface. If grinding is performed, the first layer

thickness shall not be reduced by more than one half.

(7) Contingency measures are provided for preheat and post weld
bake requirements should the welding be interrupted for any
reason.

Tempering, and not refinement, is the object of the procedure as

indicated by the heat input ratio of 2.0, which is considerably less

than that indicated in the CEGB work where for 100% refinement of the

HAZ with preheat of 230°C, the ratio required would be 3.2 to 3.4.

It must, however, be noted that the "Record of Procedure Qualification
Tests" (Page 12 of Appendix 1) does not give details of:
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(1) Heat inputs used for each layer, arc travel speeds are not
quoted.

(2) Layer thickness or the distance between passes (pitch) which
can act as a control.
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E. A REVIEW OF STRESS-CORROSION CRACKING SUSCEPTIBILITY OF

WELD METAL AND HEAT AFFECTED ZONE IN SOUR ENVIRONMENT

1. General

For the last three decades, the subject of cracking in steels for oil

country tubular goods and gas transmission line pipes, due to the wet

HoS environment (sour service) has been extensively investigated.

However, relatively few studies have been carried out for pressure

vessel steels and the weldments used for the sour gas applications.

During the nineteen fifties, it became apparent that steels under

tensile stresses could fail in a brittle manner when exposed to

environments containing wet H-S. Such failures had become a major

concern in the gas industry and have led to the field tests of

stressed specimens of various steels. The case histories and the

field tests have led to the publication of NACE Standard Materials

Requirements MR-01-75 (1980 Revision)(7\

One of the important stipulations of this standard is that to avoid

sulphide stress cracking (SSC) of carbon and low alloy steels in

sour environments, the hardness of these steels should not exceed

HRC 22 (HV 250). Carter and Hyatt^11*, in an extensive review

published in 1973, cite considerable evidence, including industrial

experience, supporting the NACE criterion of HRC 22. However, they

note also that stressed steels with hardnesses below HRC 22 will

sometimes fail in a brittle manner in H-S environments by a

distinctive "blister cracking" or "stepwise cracking" (SWC) mechan-

ism unlike classical SSC. Classical SSC is a type of cracking which

results from the absorption of embrittling hydrogen, a by-product of

the corrosion process, and cracking occurs transverse to the dir-

ection of tensile stress. Thus, cracking in sour environments can

be regarded as taking place by one of two mechanisms' ' viz:
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(i) by an 'active path' process (SSC), in which crack

propagation takes place primarily perpendicular to the

tensile stress;

(ii) as a result of hydrogen pressure (step wise cracking, also

called hydrogen induced cracking or hydrogen pressure

cracking).

The latter mechanism is related primarily to the inclusions in the

steels, and can occur without any tensile stress. Thus, the selection

of a clean steel to avoid SWC does not ensure freedom from SSC if

appropriate conditions (stress, hardness, microstructure) are present

for its occurance.

In repair welding of heavy water towers, the inclusion content of the

parent steel is not a controllable variable and, therefore, suscepti-

bility of the parent steel or heat-affected zone to step wise cracking

is expected to remain essentially the same, irrespective of the repair

welding procedure employed.

2. Susceptibility of HAZ to SSC

There are several factors influencing the successful fabrication of

the welded joints; such as, material thickness, thermo-mechanical

properties of the steel, welding procedure which includes welding

process, consumables, joint constraint, heat input and preweld and

post weld heat treatment. There is limited discussion on the effects

of some of these on the SSC of weldments in sour service, and as might

be expected, they exercise their influence through their effect on

hardness and microstructure.

Carbon equivalent (CE) is an empirical relation based on the steel

chemistry used to account for the influence of carbon and other

alloying elements on the hardenability or cold cracking suscepti-

bility of steels during welding. Among the most widely used formulas
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are those established by the International Institute for Welding

(IIW) and by Ito and Bessyo. The formulas are listed below:

., . - . Hn . Cr + V + Mo . Cu + Ni
CE " C + 6" " 5 + ~~15 (IIW)

- r * v * Mo * Mn + Cr + Cu . Si . Ni
Pan ~ L 15 15 20 30 60 (Ito-Bessyo)

The IIW carbon equivalent is based on tests carried out on steels with

carbon greater than 0.18 wt%, whereas the P

steels with carbon in the range 0.07 to 0.18 wt%.
carbon greater than 0.18 wt%, whereas the P was established for

Based on the knowledge that the factors influencing cold cracking and

SSC, as well as their mechanisms are similar, attempts have been made

to correlate SSC susceptibility of the HAZ to carbon equivalents.

Thus, Taira et a r ' considered the case of welded line pipe, where

the HAZ becomes considerably harder than the base metal, especially

in the girth-welded joint because of the very low heat inputs. This

hardened area (HV 270-290) was typically found to be more susceptible

to SSC, using the three point loaded bent beam test, the NACE tension

test and the four point bending test. The critical hardness to avoid

SSC, was primarily determined by the HjS partial pressure in any

welding method, and was HV 250 and HV 230, respectively, for 1.0

atm and 0.1 atm H-S gas partial pressure. Generally, SSC tendency

of the HAZ is greatly reduced when CE is below 0.35 in control-rolled

microalloyed line pipe steels with hardnesses < HRC22. For steels

with HE higher than 0.35, application of preheat and central of

interpuss temperature is required to prevent the formation of SSC

susceptible microstructure such as martensite and bainite.

Taira et al stated that, for a pipe line steel, the critical stress

(Sc) for SSC (i.e. resistance to SSC) primarily depends on the

material hardness and that SSC of any region (base metal, HAZ or

weld metal) is possible, depending on microstructure, at hardness

values < HV 250.
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Heat input is an important weTding parameter affecting susceptibility

to SSC since low heat inputs and associated fast cooling rates

contribute to high hardness due to the formation of martensite in

the HAZ of carbon steel weldments. To prevent this, the correct

heat input and interpass temperature should be determined for each

welding case.

Figures 3 and 4^ illustrate the effect of carbon equivalent and

welding conditions on the hardness of the HAZ. The plots indicate that

the unteropered regions of the root and/or cap passes of the pipe girth

welds have a higher hardness (> HV250) than the tempered regions (<

HV250) of the weld joint. It should be noted that SSC of weldments

was reported by many investigators to have occured preferentially in

these regions of high hardness in the HAZ.

Kihara et a l / 1 5 ^ reported that PWHT of weldments at 580°C was not

effective in increasing the value of the threshold stress of the

steel weldments in high strength steels (ultimate strength 500-800

MPa) exposed to an H?S environment. This presumably was due to the

particular composition of the steels chosen, containing a significant

amount of microalloying elements (V and Ti). It should be noted that

the authors reported these conclusions on the basis of observations

made on small test pieces. In practice, however, PWHT has been shown

to not only reduce hardness, but also reduce residual stresses in

complex or large welded strutures with beneficial effects^ ' ^ .

Bates^ ' indicated that post-weld heat treatment of steels can be

beneficial in preventing SSC of A537 steel weldments.

Any shop fabricated ferritic steel pressure retaining component will

have been post weld haat treated (PWHT) during manufacture if it

is more than 37mm thick. The PWHT temperature for carbon-manganese

pressure vessel and piping steels is usually about 620°C. Post

Weld ("stress relief") heat treatment as applied to ferritic steels

not only reduces residual stresses, but also tempers the low
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temperature transformation products in the heat affected zone and

helps the diffusion of hydrogen away from the weld zone. However,

the generally specified hardness value of HRC 22 maximum for the

prevention of SSC means that all welded carbon steel fabrications

require PWHT regardless of their thickness.

Application of preheat is another approach to control the hardness of

the HAZ. Thus, in an Ontario Hydro study^ ' of the repair welding

procedure employing the temper bead technique, it was found that as

the preheat increased, the peak HAZ hardness decreased, and to achieve

peak hardness of HV 250, a preheat of 232°C was required for the

A516 Gr. 70 steel used. In this study, Ontario Hydro also subjected

four point bent beam stress corrosion test specimens from repair welds

to environments typical of the hot and cold Girdler-Suiphide process

conditions for producing heavy water. The repair welds were

representative of the area of the heavy water towers where temper bead

welding technique has been proposed as the method for repairing

erosion corrosion damaged areas. Welds subjected to testing included

both properly made specimens with hardness less than HV 250 and

weldments made with an incorrect preheat temperature and a measured

weld toe hardness of at least HV 290 (HRC 28). None of these speci-

mens, loaded beyond yield stress, displayed any tendency to cracking

which suggests that a properly applied temper bead weld repair

should provide satisfactory service under sour conditions.

The effect of preheating on the SSC sensitivity of weldments in sour
environments was also studied by Kihara et al. Their findings showed
that a preheat temperature between 100 and 150°C considerably improved
the SSC resistance of the HAZ in a newly developed Cr-Mo-Al high
strength steel. This is shown in Figure 5. The results also suggest
that the effect of preheat on the SSC of HAZ depends on the steel
composition.
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One key aspect in which a non-stress relieved repair weld is different

from a shop fabricated, stress relieved weld, irrespective of the HAZ

hardness is the presence of residual stresses in the former. The

deleterious effect that these might have on SSC susceptibility of HAZ

(assuming its hardness is less than HV 250) has been qualitatively

commented on several times. However, few studies have been carried

out to demonstrate it, probably because of difficulties in isolating

the effects of lowered residual stresses and modified microstructure

(lower hardness) accompanying stress relief.

Thus, Taira et a P ' measured greater than yield strength magnitude

residual stresses in the HAZ of girth welds in line pipe. However, in

small scale tests, there was no evidence of SSC in HAZ. Since

residual stresses are difficult to retain in small specimens, large

scale tests were being planned by these authors.

The effect of residual stresses on the SSC cf weldments was
(18)also looked at by Tanaka et al , using a modified implant test

and their results, performed on line pipe steel, are illustrated in

Figure 6. The results show no clear difference between the SSC

susceptibility of as-welded or stress relieved heat-affected zones.

Although the mechanism of SSC after stress-relief heat treatment

was not clear, they report that precipitation of carbides or nitrides

and grain boundary embrittlement may have been responsible in counter

balancing the beneficial effects of reduced residual stresses.

Kihara et al. investigated the performance and SSC suscepti-

bility of constrained weld specimens of high strength steels (HY80)

in HpS environment. The test specimen was a constrained plate with

a slit that varied in depth to change the degree of residual stress

by welding. The specimens were immersed in 0.5% acetic acid saturated

with H-S for three weeks and the distribution of cracks was observed.

They indicated that the susceptibility to SSC increases as the

effective constrained width increases and consequently, as the
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residual stress caused by welding increases. Kihara et al showed,

rather unambiguously, that the residual stress is an important factor

in determining the SSC susceptibility of the weldments.

3. Susceptibility of Weld Metal to SSC

Consumables used to fabricate vessels are defined by code require-
ments, i.e. the weld metal strength must be equal to or exceed the
base metal strength and adequate toughness, usually measured by
Charpy impact testing, must be achieved. These codes are concerned
only with the mechanical properties without accounting for corrosion
resistance in environments such as hydrogen sulphide.

Kotecki and Howden' ^ and Ebert^ ' investigated the performance

of pressure vessel steel weld joints in a wet sulphide environment.

The welds were fabricated by submerged-arc welding using welding wires

of varying composition along with fluxes of different types. Their

findings indicate that weld metal manganese and silicon contents, and

consequently its hardness, varied substantially by varying the arc

voltage with bonded fluxes. At high voltage it was possible to produce

welds of 2 percent manganese and 1 percent silicon, starting with a

wire of less than 1 percent manganese and' little silicon. It is

possible for a weld metal of this composition to have a hardness in

excess of HV 250. Kotecki and Howden's wet sulphide exposure tests

(NACE T-1F-9 Standard test method) showed weld metal SSC when

weld metal hardness values were generally > HV 210. The tests were

performed without the application of load, assuming residual stresses

of yield point magnitude were present in the weld metal.

Consequently, they point out that SSC may occur readily with these
weld metal hardnesses in a wet suifide environment as severe as the
NACE-T-1F-9 Test under welding residual stress alone. Their work,
limited to Submerged Arc Welding, illustrates the importance of the
selection of welding consumables and the correct application of
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welding procedure to limit weld metal hardness. It should be noted

that weld metal hardnesses lower than the values cited are readily

achievable.

Kotecki and Howden also investigated the effects of hardspots and the

arc restarts on SSC of submerged arc weld metals. They showed that

the hardspots initiated cracking in welds with overall hardness

> HV 200 and cited that a PWHT at 1150°F for the submerged arc weld-

ments they studied was ineffective in reducing SSC susceptibility

of local hard spots to crack initiation. It has also been speculated

that the nickel content of the weld deposit may have an affect on

the SSC resistance of low alloy steels. In fact, NACE standard

MR-01-75 prohibits the use of any low alloy steels containing more

than 1% nickel in sour service. This arises from SSC studies con-

ducted on nickel containing steel in sour environments. However from

other studies, the 1% Ni restriction on welding electrodes content

was not substantiated.

4. Tnferences on the Susceptibility to Sulphide-Stress Cracking

of C and C-Mn Weldments in Sour Environments

The review of the literature indicates that a majority of the studies

performed on SSC of weldments in a sour environment have been

undertaken on line pipe steels whose compositions are different to

pressure vessel steels.

Based on the studies, the idea of specifying a maximum hardness as a

means of controlling cracking in steel weldments has appealed to many

investigators. In many instances, however, placing too much reliance

on a hardness limit of HRC 22 as a criterion for controlling cracking

in service performance of steel weldments can be unwise. Kotecki et

al and Tanaka et al have shown that SSC can occur at hardness levels

less than HRC 22. The SSC and the likelihood of service failures in

the weldments depend on the applied stress, microstructure, micro-
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structural inhomogeneity, composition, joint restraint and amount of

hydrogen entering the weidment in addition to hardness. As the

hardness increases, the critical stress required for SSC decreases.

Ontario Hydro work suggests that SSC should not be expected in the

heavy water tower environment as long as the hardness is less than HV

250 (HRC ZZ).

The effect of residual stresses on any critical hardness criterion

is an aspect that needs further examination. Thus, Kotecki et al

showed that weld metal SSC could occur at hardness of HRC 15, if

sufficient residual stresses are present. Kihara's work also provides

support that as residual stresses increase, the amount of SSC

increases. Assessment by Taira et al that residual stresses do not

affect propensity to SSC is inconclusive because of the small size of

specimens employed. Thus, the evidence suggests a deleterious effect

of residual stresses on SSC, but since such evidence is limited, there

is a definate need for further studies.

Since there is always some probability of a weld defect remaining in

the repair weldment, another area requiring further research is the

effect of microstructure and residual stresses on the sulphide

fracture toughness parameter
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F. TOUGHNESS EVALUATION

The toughness of a weld or HAZ is dependent on such items as filler and

base material composition, heat input, preheat and postheat. For

repair welds, the toughness, as measured by Charpy Vee notch specimens

or Nil Ductility Transition temperature, can be easily assessed using

simulated welding procedures for both the heat affected zone and the

weld metal.

However, such data is not useful in assessing the integrity of the

component or pressure vessel from the point of view of brittle

fracture. To carry out an engineering critical assessment for any

defect that may be present in a non-stress relieved weldment, one needs

to assess fracture toughness as measured by Crack-Tip Opening

Displacement (CTOD), J integral and KjC type of tests, and then to

carry out an analysis which takes into account the residual stresses

that may be present.

The incorporation of residual stresses in the fracture mechanics

assessment is not yet well understood. In ferritic materials

operating at temperatures above the brittle-ductile transition, and

in austenitic steels for example, where crack extension occurs by

ductile tearing, there is evidence^ ' that residual stress levels

have little effect on the load-bearing capacity.

However, in the temperature transition region, it is to be expected

that the significance of residual stresses is likely to be highly

important. Specific study on the effect of residual stresses

incorporated with a fracture mechanics analysis has been carried out
(22^

by Rybicki and Stones if e r v - / on a weld repair tested in the trans-

ition temperature region in the Heavy Section Steel Technology

(HSST) programme. Their computed fracture assessment agreed well

with the available test data, and suggested that residual stresses

had a significant effect on crack initiation and crack arrest. It
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was concluded from a linear elastic fracture mechanics analysis, that

residual stresses played a major role in the initiation and subsequent

arrest of the flaw in this vessel.

However, it has been argued that since most pressure vessels and

piping components operate at a tempreature where fracture is in a

ductile manner, the application of LEFM methodology leads to very

conservative predictions. Even the general yielding fracture

mechanics approach, based on the CTOD method and outlined in British

Standards Institutions document PD 6493-1980 has built in conservatism.

It has, therefore, been suggested that the failure assessment diagram

approach (CEGB R6 Method), developed by the Central Electricity

Generating Board in U.K. is the most appropriate since it is applicable

to material behaviour that can vary from fully elastic to fully

plastic. A more complete description of the methodology is outlined fn

Reference (23).
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G. TYPES OF DEFECTS THAT COULD OCCUR DURING REPAIR WELDING

There is little point in attempting a repair weld if f~e chances of it

being defect-free are not very high. The residual stress-as associated

with repair welds which have not been stress-relieved will probably

reduce the defect tolerance considerably, further emphasising Mie need

for defect-free welds.

Repair welds are usually made on completed structures, and therefore

in all cases, it is wise to assume a high level of restraint and to

develop a procedure accordingly. In addition, the welder's environ-

ment is unlikely to compare favourably with that of the original

fabrication, and this may influence the quality of the repair weld.

The various defects likely to be encountered are of course the same

as those which may occur in any of the original welds in the structure,

and will depend on technique and welding process as discussed below.

1. Hydrogen Cracking

This is probably the most likely defect to occur in the heat affected

zone of repair welds. If Shielded Metal Arc Welding (SMAW) is used

for the repair weld, care must be exercised to ensure that only low

hydrogen electrodes are used, and that these are baked in accordance

with manufacturer's instructions to give very low hydrogen contents,

i.e. less than 5ml HL/lOOg of deposited weld metal (measured under

mercury) for critical applications. The possibilities of hydrogen

cracking are recognized by ASME III, XI and by the Ontario Hydro

procedure, which have detailed mandatory anti-hydrogen precautions.

Electrodes should be stored in heated ovens or quivers at the

job-site, and removed only immediately prior to their use. Preheat

should be applied in accordance with published data, applicable codes

or defined procedures and should be maintained after welding has been

completed in critical applications until the weld has been dressed to
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remove, for example, any sharp notches at weld toes. As previously

noted, the half bead technique specifies hydrogen diffusion treatment

of 2hr minimum between 232 and 288°C, before the weld is allowed to

cool below the preheat temperature.

The tempering or refinement of the heat affected zone alluded to in

the previous text will reduce the risk of hydrogen assisted cracking.

It should be noted that consistently low weld metal hydrogen levels

are readily obtained with the Gas Metal Arc Welding Process (GNAW)

without the need for specialist consumable drying and storage facili-

ties required by other processes. This feature is the result of there

being no flux present to contain hydrogen bearing compounds, either as

constituents or as a binder to hold the various constituents together.

The consumables consist of a solid or hard drawn wire of the appro-

priate composition with shielding of the weld pool provided by inert

or semi inert gas.

2. Lack-of-Fusion and Penetration

These defects could easily occur during repair welding, particularly

when welding in difficult access areas, in out-of-flat positions. The

use of highly skilled welders is, therefore, required for such

situations. Fortunately, such defects are usually easy to detect by

non-destructive means in ferritic materials. Gas-shielded processes

have generally been more susceptible to this kind of defect than

flux-shielded processes, but this should not be the case in the future

with the rapid advancement of transistorized power sources coupled

with suitable welding procedures capable of providing quality out of

position welds.
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3. Slag Entrapment

This again is generally avoided by good welding practice, and use of

highly skilled welders, and is generally easy to detect by non-

destructive methods. Again, the defect is common to those processes

producing a slag cover and will not be a problem with gas metal arc

or gas tungsten arc processes.

4. Porosity

Again, with good welding technique, this should not be a problem.

Slight porosity is more or less inevitable in manual welding, but is

not considered harmful. Gross porosity should be readily detectable

by non-destructive methods.

5. Solidification Cracking

This is most unlikely to be met when repairing with ferritic SMAW

electrodes, except perhaps as crater cracks at run ends. This is

easily overcome by a modification to welding technique rather than by

any metallurgical or procedural changes. However, it is possible with

austenitic electrodes, and care must be exercised to select an

electrode and a procedure which will not result in a fully austenitic

weld pool. Nickel-based electrodes are also susceptible to solidifi-

cation cracks. In gas-shielded or flux-cored wire repair welds,

solidification cracking could possibly occur, due to excessive dil-

ution, poor bead profile, high travel speed, or welding over other

defects which might nucleate solidification cracks. Again, if such

defects are known to occur, steps can be taken to overcome them by

proper weld procedural control.
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H. DISCUSSION

1. Weld Repair Techniques

All the methods have the common aim of providing adequate properties

in the weld metal and HAZ without the need for a full post weld stress

relief. The heat that is required to provide the necessary

metallurgical changes must, therefore, come from an alternative

source. The two sources used are a) heat from suitably placed

subsequent weld passes (Sections Cl,2,3 and 4) and localized external

heat sources (Section 5 and 6). The first method is shown in Figure 7

from AMCA data, where the tempering effect of a subsequent weld

pass is shown on the HAZ of the preceding weld. Hardness indentation

point number 1 is in as deposited weld metal and, with a value of

HV 234 compared to the HV 371 and HV386 value of point number 2

and 16 respectively in the base material, illustrates the fact that the

weld metal with its lower carbon content is much less hardenable than

the base material. Hardness points numbers 2-7 inclusive form part of

the HAZ of the first pass that have been reheated above the AC,

temperature, Figure 1, by the HAZ of pass 2.

As this included a full or partial transformation to austenite on

heating, the rapid cooling that follows again results in transform-

ation products with high hardness. The CEGB grain refinement technique

(Section C2) occurs in the outer area of this band although it is only

visible in Figure 7 in the area that incorporates the weld metal of the

first pass (hatched area in figure) where the coarse columnar structure

of the as-deposited weld is refined to equiaxed ferrite. The stress

relief or tempering heat treatment temperature range (Section C3), has

been applied to the area marked "tempered zone" which covers hardness

points numbers 8, 11 and 12 with values of HV 258, HV 216 and HV 258

respectively. (Points 9 and 10 are in weld metal and therefore

already soft.) The relative narrow width of the zone which occurs

with shielded metal arc welding, can be noted from the key to the
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macrograph, which is to a scale of 10 times full size, and the pre-

cision required in the placement of the temper bead reported in

reference (5) is confirmed. Increasing the heat input of the second

layer will result in a broader temper zone which would allow it to

more readily coincide with the HAZ of the previous layer.

The final three hardness points 14, 15 and 16 have increasing hardness

of HV 296, HV 301 and HV 386 respectively, indicating that the lower

temperatures experienced by these areas are less effective in pro-

viding a satisfactory temper.

Increasing preheats would also tend to widen the tempered zone and

reduce the cooling rate as shown in Figure 8 where curves of

cooling rate vs. preheat for various welding heat inputs have been

superimposed on a hardenability curve, mean maxumum hardness vs.

cooling rate, for a A516 Gr. 70 type steel of Japanese origin. The

cooling rates were calculated using dT = B,n (T-To)
2 from reference

m ) dt[540) 3D E
v ' and the hardenability curve is obtained from AMCA data.

To show the effect of preheat, consider the 1.2 kj/mm heat input

curve of Figure 8 when the preheat is 20°C, the cooling rate would

be 36°C/s (at 540°C) which would result in a maximum HV 416 hardness

for the steel under consideration. Now if the preheat is increased

to 230°C, the cooling rate becomes 12°C/s and the maximum hardness

would be reduced to HV 308. It should be noted that the information

given in Figure 8 is to illustrate the beneficial effect of preheat

and that the hardness values given will be peculiar to a steel of that

composition only.

The Ontario Hydro procedure (Section 4) relies on a combination of the

features described above to produce a satisfactory HAZ.

(1) The very high preheat used for the whole repair minimizes the

maximum hardness that is achievable in the repair HAZ.
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(2) The greater heat input of the second layer (double the first)

gives a much wider "temper zone" with which to temper the HAZ

of the first layer and allow for any mismatch between the

scalloped profiles of the first and second layers.

(3) The maximum hardness of any HAZ occurs in the grain coarsened

region close to the fusion boundary and in the case of this

procedure, the majority of the second layer and all the

subsequent layers will occur in previously deposited weld

metal with reduced hardenabiiity because of the low carbon

content.

The ASME half bead technique described in Section Cl has been critized

for the difficulty of determining when half the first layer has been

removed by grinding. This critisicm can also be made of the Ontario

Hydro procedure for allowing up to half the first layer to be removed

by grinding when necessary in order to provide a satisfactory surface

for magnetic particle inspection. Allowing this optional dressing

introduces the possibility of a major deviation between the

qualification and the actual workpiece because removal of half of the

first layer could result in the HAZ of the second layer penetrating

too deeply resulting in areas of untempered HAZ. Adjusting the heat

input of the second layer locally to cater for any thinning of first

layer, would appear impractical and introduce the possibility of

further errors.

Even allowing for human factors, welders of reasonable ability are

able to produce a weld surface suitable for magnetic particle in-

spection without any grinding (Figure 9). As the whole procedure

evolves around the production of a series of even layers of weld

metal of the required thickness, it is suggested that the production

of a smooth weld surface, in the necessary positions, is an essential

part of the welders qualification for this type of repair welding.
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Confidence in the reproduction of results, obtained during qualifi-

cation, is the major factor in acceptance of the procedure as there is

no means of non destructively testing for satisfactory tempering.

Strict enforcement of repair welding procedure is, therefore, es-

sential. The maintenance of correct preheat can readily be checked, as

can the use of the correct size and type of electrode, by a resident

inspector or surveyor. However, ensuring the correct heat inputs is

much more difficult as it is a function of current and weld travel

speed, the latter being a difficult parameter to determine for manual

shielded metal arc welding. An alternative means of specifying heat

input for SMAW is to specify electrode run out length or ratio and is

based on the notion that it requires a certain heat input to deposit a

given size of weld. From AMCA data it is known that it takes 99

seconds to melt 30 cm of a 4.0mm E7018 electrode when the current is

135 A and 53 seconds when the current is 255 A. If both electrodes

were deposited over a 15 cm length, run out ratio 0.5, the heat input

for the first electrode at 135 A would be 2.05 kj/mm and the second at

255 A would be 2.07 kj/mm if the volts were assumed to be 23V in both

cases, a very reasonable assumption. From the above, it can be seen

that welds of the same size, (electrodes deposited over the same

length), but made with widely varying currents and at different travel

speeds are produced with similar heat inputs. The specification of run

out length is, therefore, suggested as a means of providing reproduci-

bility to the procedure. Checking the distance between stops/ starts

would verify that the correct heat input had been used and checking the

pitch of the passes would verify the correct layer thickness (Figure

10).

The areas in which the Ontario Hydro procedure differs from the ASME XI

procedure must be viewed as improvements when considering the intended

use for repair of heavy water plants subject to sour service con-

ditions. The higher preheat reduces cooling rates and hence the

maximum HAZ hardness. The larger diameter electrode for the second

layer will give a broader "temper zone" which will more readily
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encompass the HAZ of the first layer. Elimination of the grinding

requirement removes an area of uncertainty caused by the practical

difficulties of gauging and assesing when the required amount of

material has been removed.

Automation of the process offers several advantages in addition to

increased productivity. Precise reproduction of the qualification

parameters on the actual repair should be possible, this would be

particularly advantageous around the toe of the repair which has been

cited as the most difficult area to apply the tempering technique.

The SMAW process would, of course, not be suitable because of inter-

uptions for electrode replacement. Of the continuously fed wire

processes flux-cored (FCAW), gas metal arc (GMAW) and hot wire TIG

(GTAW) would offer the most potential. FCAW would have the disadvan-

tage of requiring interpass cleaning. GMAW tends to have a deep

penetration profile unlike SMAW with its more ideal shallow penetration

and rounded HAZ. Changes in shielding gas will offer some possibili-

ties for improvement as will the use of pulsed current with synergic

GMAW power sources. GTAW with hot wire can be very productive

(5 kg/arc hour) and has a good rounded penetration and HAZ profile,

but the equipment tends to be bulky and heavy although this need not

be a problem for an automated system. The GTAW process is also able

to produce the highest weld metal toughness properties' .

The previous part of this discussion has dealt with the various

components of repair techniques presently being used. The discussion

has also illustrated how the present temper bead technique used to

repair heavy water towers has utilized and added to components of

other techniques to produce a procedure that, has been shown, to

achieve a tempered HAZ structure with a hardness value of 250 vpn

or less^ . Additional controls are, however, necessary for these

results to be readily reproduced.
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Design to avoid SSC in the presence of H~S has, almost universally,

been based on the adoption of the HRC 22 (HV 250) criteria and,

field trials and service experience over many years has shown this

criteria to have a successful history. However, it is important to

note that such field and laboratory trials have been, in the main, on

materials of higher strength than A516 Gr. 70, that cracking has been

observed to occur in both parent materials and weldments with

hardness values below HV 250 and that specifications such as NACE

MR-01-75 which invoke this criteria do not recognize any effect of

microstructure.

The microstructure is of great importance when it is considered that

the region encompassing and surrounding the HAZ of a repair weld can

contain all of the following microstructures whose hardness can be

HV 250 or less.

As deposited weld metal

Re-austenitized weld metal

Coarse grained HAZ

Fine grained HAZ

Intercritical HAZ

Spherodised HAZ

Parent Material (Normalized)

The effect of microstructure remains largely unexplored and it has

been suggested that various microstructures of the same hardness may

stand up to service in an H2S-H2O environment under the influence

of high residual stresses differently. Further corrosion studies

are, therefore, needed to clarify the situation.
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I. CONCLUSIONS

With adequate attention to welding procedure and welder performance,
the high preheat/temper bead technique developed by Ontario Hydro will
reduce the heat affected zone hardness levels to HV 250 or less.
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J. RECOMMENDATIONS

1. Improvements in Welding Procedural Control

Since the rationale behind improving the properties of the HAZ lies in

the superimposition of two weld beads with a defined heat input ratio,

then the control of these heat inputs is of fundamental importance.

It is recommended that improvements in control be made by the use of

run out lengths and pitch of passes to provide measurable parameters

between procedure tests and the actual weld repair. With such changes

in procedural control, improvements in reproducibility would allow the

exploration of tolerances for variations in heat input and the level

of preheat used.

The procedure presently used is a major improvement over that defined

in the ASME codes as it seeks to eliminate the grinding step which is

unsound on a technical basis and also requires increased time and

effort. Provisions for grinding are, however, given in the temper

bead procedure but this is included only to provide an improved surface

condition, when necessary, for hot magnetic particle inspection. The

elimination of grinding by greater attention to welder performance at

the qualification and repair welding stages would improve the quality

of the repairs.

Further improvements in control will be achieved by using automated

techniques which would completely eliminate the need for manual

welding. Such techniques can be readily repeated from a test piece

to actual field repair and, due to the use of a continuous wire system,

the number of stop/starts will be reduced. It is known that Ontario

Hydro are working towards automating weld repair procedures using gas

shielded welding processes.
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2. Corrosion Tests

Since it has already been stated that corrosion studies on material

types similar to AS16 Gr. 70 and especially the susceptibility of

weld zones is limited, it is recommended that a suitable corrosion

test be agreed between the AECB and Ontario Hydro to validate the

application of the temper bead technique. A suggestion for a

comparative test to indicate the performance of a temper bead relative

to the rest of the weldment is the imersion of the following samples

in the solution:

a) Sample in as welded condition; i.e. original weldment with-

out stress relief

b) Sample welded and stress relief; i.e. original weldment
c) Sample temper bead welded; i.e., repair weldment

3. Fracture Assessment

The absence of post weld stress relief heat treatment results in high

residual stress remaining in the repair areas. As this can be

expected to reduce the critical defect size, a brittle fracutre

assessment of any proposed repair is recommended.
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\ Appendix 1 standard
\ ~ specification

PRESSURE CODE WELDING PROCEDURE
(TemDer-Bc2cl Technique)

" PN*- 63F - C2

Supersedinc
PN - 636 - S2

Issued
February 1983

Base Metals

Base Material Thickness (max)

Allowable Depth of Repair (max)

Process

Filler Metal

F-Group

Positions

Progression

Preheat

Postweld Heat Treatment

A SCOPE

P No 1 Group 2

70 mm (2.75 in)

35 mm (1.375 in)

SMAW

E7-018

F4

All

Upward in 3G Position

230°c minimum

230°c to 290°C

A-l This procedure shall not be used for repair welding of
nuclear components.

A-2 This procedure specification, which is intended for
use by Ontario Hydro personnel only, is applicable to the
repair welding of pressure vessels used in a corrosive
environment such as in heavy-water plant, to depths of 35 mm
(1.375 in) maximum, by the temper-bead (TB) technique, without
having to resort to high temperature postweld heat treatment
(PWHT). The specification also covers the general requirements
for qualification of welders.

A-3 The TB procedure is not intended to be routinely
supplanted for PWHT. Consequently, before a decision is made
to apply the technique, the impracticability of PWHT must be
established. Also, because the TB technique requires high
standards of workmanship and control, assurance must be

0418B
Page 1 of 13



PI1-636-83

obtained that adequate equipment is on hand to control
electrode quality and base metal temperatures, as required
herein.

A-4 The procedure has the approval of the Pressure
Vessels Safety Branch of the Ministry of Consumer and
Commercial Relations (HCCR). The Branch's WPS number on this
specification indicates approval of the procedure.

A-5 This welding procedure is based on the requirements
of the following:

Standard of the CANADIAN STANDARDS ASSOCIATION
(CSA),

B51-H Code for the Construction and Inspection
of Boilers and Pressure Vessels

Standards of the AMERICAN SOCIETY OF MECHANICAL
ENGINEERS (ASME),

Boiler and Pressure Vessel Code
Section III, Nuclear Power Plant Components
Section VIII, Pressure Vessels, Division 1
Section IX, Welding and Brazing Qualifications
Section XI, Rules for In-Service Inspection of
Nuclear Power Plant Components

B REFERENCES

B-l Reference is made in this specification to the
following standards, the latest issues, amendments and
.supplements of which shall apply unless otherwise indicated.

Standard of the AMERICAN WELDING SOCIETY (AWS),

A3.0 Welding Terms and Definitions

Standard of the AMERICAN SOCIETY OF MECHANICAL
ENGINEERS (ASME),

Boiler and Pressure Vessel Code
Section II,

Part A - Material Specifications, Ferrous
Materials

SA-516 Carbon Steel Plates for Pressure
Vessels for Moderate and Lower
Temperature Service

04188
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Part C - Welding Rods, Electrodes and Filler
Metals

SFA-5.1 Carbon Steel Covered Arc Welding
Electrodes

C • PROCEDURE QUALIFICATION

C-l Qualification tests for the procedure, which have
been approved by the MCCR, are recorded on the attached Q-l
form. This document will be considered to be part of this
specification.

C-2 This procedure has been qualified with a 35 nun
(1.375 in) deep groove 13 mm (0.5 in) wide at the root and a
60° included angle and a length of 457 mm (18 in). Under the
requirements of ASME Section XI, the geometry of the repair
cavity is an essential variable, as described in Clause E-7.

C-3 The procedure is qualified in accordance with the
requirements of Article IWB-4000 of Section XI of the ASME
Boiler and Pressure Vessel Code.

D PERFORMANCE QUALIFICATION

D-l Personnel who perform pressure code welding in
accordance with the accompanying specification, shall have
first been tested and approved by the MCCR.

D-2 The test positions shall normally be the 2G (hori-
zontal) and 3G (vertical), with upward progression in the 3G.

D-3 If the repair weld is to be done where physical
obstructions impair the welder's ability to perform, the welder
shall demonstrate his ability to deposit sound weld metal in
the positions required, using the same parameters and simulated
physical obstructions as are involved in the repair. In this
case, the weld shall be examined by radiography or ultrasonic
and magnetic particle inspection in accordance with ASME
Section III, Subsection NB-5000.

D-4 Before performing a repair, the welder shall become
thoroughly familiar with the required sequence of beads and.
layers of weld deposit, the need for careful control of welding
electrode condition, metal temperature, and bead size. This
procedure specification incorporates this information, and
shall be supplied to the welder prior to commencement of the
work.

0418B
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E . ESSENTIAL VARIABLES

The procedure covered by this specification is valid
only within the limits specified under Essential
Variables/ Sections E-l to E-8. Where changes to
one or more of these variables are necessary for a
particular application, the procedure to be
followed, although similar in all other respects to
that covered here, shall be considered to be a new
procedure. As such, it requires separate qualifi-
cation by the MCCR.

E-l Base Metal

E-l.l The base metal shall be steel that conforms to the
requirements for materials listed>-under P No 1 GLroup 2 of Table
QW-422 of Section IX of the ASME Boiler and Pressure Vessel
Code.

E-2 Base-Metal Thickness Range and Depth of Repair

E.2.1 The thickness range shall be from 25 mm ( 1 in)
to 70 mm (2.75 in).

E-2.2 The maximum nominal depth of repair weld shall be
35 mm (1.375 in).

E-2.3 The depth of repair shall not exceed one half the
base metal thickness.

E-3 Process

E-3.1 The process shall be manual shielded metal arc
welding (SMAW).

E-4 Filler Metal

E-4.1 The filler metal shall conform to ASME classification
F4 listed in Table QW-432 of Section IX, but shall be
restricted to the use of E7018 electrodes only.

E-4.2 All electrodes used to perform this repair
procedure shall be in conformance with the requirements of
NB-2400 of Section III of the ASME Boiler and Pressure Vessel
Code. They shall be identified in compliance with the
requirements of Subarticle NB-2150.

E-4.3 Electrodes shall be limited to a copper content of
0.10 percent maximum and a phosphorous content of 0.015-percent
maximum (as deposited).

0418B
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£-4.4 Prior to use, the electrodes shall be baked and stored
in accordance with Clause G-2.

S-5 Positions and Progression

E-5.1 Welding may be done in all positions, with uyward
progression in the 3G position.

E-6 Preheat and Interpass Temperature

E-6.1 The cavity or area to be repaired by welding, and a
full encircling band around the cavity or area, shall be
preheated to a minimum of 230OC.

E-6.2 The width of band to be preheated shall be 3 times
the thickness (3T) of the component to be welded, but need not
exceed a width of 254 mm (10 in).

The band of preheat shall be shaped symmetrically so as to
induce the minimum practical level of distortion into the
component due to differential thermal expansion. In the case-
of a cylindrical vessel the band of preheating should, whenever
practical, encircle the girth of the vessel.

E-6.3 The minimum preheat temperature shall be maintained
for at least 30 min before welding is started.

E-5.4 The maximum interpass temperature shall be 290°C.

E-7 Geometry of Repair Cavity

E-7.1 The ratio of cavity top width to cavity depth shall
not be less, at any point, than that identified in Clause C-2,
viz W/p 1.5. If the included angle is less than 60O, then
the cavity bottom width shall be increased so as to afford
adequate access for electrode manipulation.

E-8 Postweld Heat Treatment

E-8.1 At the completion of welding, the 3T band as defined
in E-6.2 shall be maintained in the range of 230OC
to 290°C for at least 2 h.

G REPAIR PROCEDURE

G-l Preparation for Welding

G-l.l Preheat in accordance with Clause E-6.1 before arc
air gouging.

0418B
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G-1.2 The removal of defects by thermal methods shall be
in accordance with the requirements of "Procedure for Air
Carbon Arc Gouging and Cutting", Section 9 of the Ontario Hydro
Welding Manual.

G-1.3 Materials shall be removed by a mechanical method
from all thermally processed areas.

G-1.4 A minimum of 1.6 mm (0.062 in) material shall be
removed by grinding from the cavity to be repaired.

G-1.5 The depths of materials to be mechanically removed
shall be determined by actual measurement from a generally
smoothed area produced by mechanical removal of irregularities
resulting from the thermal removal process. All corners and
edges shall be rounded off.

G-1.6 After final grinding, the affected surfaces, including
surfaces of cavities prepared for welding, shall be examined by
the dry powder magnetic particle method in accordance with
NDE-4N to assure that the indication has been completely
removed. Following HT, demagnetization should be performed to
prevent arc wander.

G-1.7 Indications detected as a result of the excavation,
that are not associated with the defect being removed, shall be
evaluated for acceptability in accordance with IWA-3000 of
Section XI of the ASME Code.

G-2 Electrode Storage

G-2.1 3efore use, the covered electrodes shall be baked
at 425 + 15°C for 30 - 60 min, proceeding as follows:

G-2.1.1 The electrodes shall be placed in the baking oven,
the temperature of which, at the start of the bake cycle, does
not exceed ISOoc.

G-2.1.2 To ensure that all electrodes are subjected to the
complete baking cycle, a thermocouple shall be located in the
centre of the pile of electrodes in the oven. The height of
the pile shall not exceed five times an electrode diameter.

G-2.1.3 The oven temperature shall then be raised, from
150OC to 260°C, at any rate of rise.

G-2.1.4 From 2600c, the temperature shall be further
raised, at a maximum rate of 165°C/h, to 425 + 15oc, and
then held at this temperature for 30 - 60 min.
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G-2.1.5 After the 30 - 60 min baking period, the oven shall
be allowed to cool. Before the temperature reaches 105°C,
the electrodes shall be transferred to holding ovens.

G-2.1.6 The combined times of temperature raising, tempera-
ture holding, and cooling, above 260°C, shall not exceed 5 h.

G-2.1.7 The holding oven temperature shall be maintained
between 105OC and 175°C.

G-2.2 During the repair period, the holding oven shall be
located in the repair area.

G-2.3 Electrodes removed from the holding oven md then
exposed to the atmosphere for between 20 min and 4 h
shall be_ returned to that oven for at least 8 h before-use.

G-2.3.1 Electrodes exposed to the atmosphere for a period
in excess of 4 h shall be reprocessed in accordance with Clause
G-2.1 above. Electrodes shall not be processed more than once
for temper-bead work.

G-3 Electrical Characteristics

G-3.1 Direct current, reverse polarity shall be used.

G-4 Welding Technique

G-4.1 Preheat in accordance with E-5. The 3T band shall
encompass the entire circumference of the vessel.
Thermocouples and recording instruments shall be used to
monitor the preheat and interpass temperature.

G-4.2 The cavity shall be buttered using 2.4 mm (3/32 in)
maximum diameter electrode as shown in Dwg SSD 1072,
Step 1.

G-4.2.1 Following coverage of the entire cavity surface, by
the first layer, grinding may be done to facilitate interlayer
magnetic particle examination (see Clause G-9.1). If grinding
is necessary, the first layer thickness shall not be reduced by
more than one half.

G-4.3 The second layer shall be deposited with a 3.2 mm
(1/8 in) diameter electrode, as shown in Dwg SSD 1072, Step 2.
The maximum bead width shall not be more than 2-1/2 time' the
electrode core diameter. A weaving movement shall not be used
in deposition of the first two layers. The heat input for each
bead of the second layer shall be twice that for each bead of
the first layer.
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Heat input measured in J/mm * Voltage x Amperage x 60
Travel Speed (nun/min)

G-4.4 The correct placing of each of the first two weld
layers is achieved by directing the arc at the toe of each
preceding bead. More than 50 percent overlap of the weld bead
on the previously deposited bead is not acceptable. The weld
beads extending beyond the edge of the cavity must be ground
off on completion of the repair.

G-4.5 Subsequent layers shall be deposited with welding
electrodes no larger than 4 mm (5/32 in) diameter. Bead
deposition shall be performed in a manner shown in Dwg SSD
1072, Step 3.

G-4.6 The completed weld shall have at least one layer of
weld reinforcement deposited and then removed by mechanical
means, making the finished surface flush with the surface of
the vessel surrounding the repair.

G-4.7 At the completion of welding, the 3T band, as
defined in E-6.2, shall be maintained in the range of 230°C
to 290°C, for at least 2 h.

G-5 Peening

G-5.1 Peening shall not be permitted.

G-6 Identification

G-6.1 Each repair shall be identified by the welder's
letter, number or symbol by means of an approved heat-resistant
paint.

G-7 Interpass Cleaning

G-7.1 All slag shall be removed before the succeeding bead
is deposited.

G-B Interruption of Welding

G-8.1 Welding should preferably be continuous. If welding
is interrupted, the preheat shall be maintained if possible..
If the preheat cannot be maintained, the preheated area must be
given a baking treatment of 230OC to 290°C for 2 h and
wrapped in an insulating blanket.

G-3.2 When welding is resumed, the preheat requirements of
S-6 must be observed.

0418B
Page 8



PN-636-83

G-9 inspection

G-9.1 All layers shall be examined by the dry powder
magnetic particle method NDE-4N and demagnetized before welding.

G-9.2 The repair area and the 3T band shall be examined
nondestructively after the weld has been at ambient temperature
for a period of 48 h minimum. The nondestructive examination
of the repair welded region shall include radiography, if
practical, ultrasonic and magnetic particle examination.

G-9.3 Areas from which weld thermocouples have been
removed shall be ground and examined by the dry powder magnetic
particle method NDE-4N.

WELD DATA

SMAW - DC, Reverse Polarity - E7018

Electrode Welding Arc
Diameter Current Voltage
mm (in) (A) (V)

2.4 (3/32) 80-130 21-24
3.2 (1/3) • 100-160 21-24
4.0 (5/32) 130-200 22-25
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APPENDIX A

Discussion of Temper-Bead Welding Metallurgy

Postweld heat treatment (PWHT) is normally con-
sidered to be necessary for the achievement of satisfactory
properties and performance in heavy, restrained welds. PWHT,
by softening the weld zone, improves resistance to cracking,
promotes diffusion into the atmosphere of hydrogen (a potent
crack promoter) dissolved in the weld, and allows for
relaxation of residual stresses. The special features of the
temper-bead procedure ate intended to achieve similar results,
as far as is practicable, to those possible with PHWT. Sloppy
or inadequate performance of any step in this procedure will
result in a repair which may not perform adequately in service..

With the sequential deposition of each bead of the first layer
of weld deposit, the base metal immediately underlying each
bead is heated, and subsequently cools. To minimize the
hardening effect on the heat-affected zone (HAZ) of the base
metal, by this localized heat treatment, a high-temperature
preheat is needed. In spite of this preheat treatment,
however, the HAZ properties, following deposition of the first
weld-deposit layer, remains unsatisfactory. A second layer is,
therefore, required to soften and toughen the HAZ* In order
for this to occur, the first layer must be of an accurately
controlled and uniform thickness; thick enough for the second
layer not to melt through, but not enough to prevent the HAZ
being softened (tempered) as each bead of the second layer is
deposited. Further, studies have shown that the proper
superposition of the thermal effects of the two layers will
occur if both are deposited as stringer beads, and the
electrode used for the second layer is one size larger than
that used for the first layer. Weaving is not permitted
because not only is there the tendency for a coarser and more
brittle crystal structure to occur in the HAZ, but control of
the thicknesses of the first two layers is more difficult to
maintain from welder to welder.

The coating of any shielded metal arc welding electrode will
absorb moisture from the atmosphere if permitted to do so.
This moisture is decomposed by the arc, and the free hydrogen
produced becomes dissolved in the weld metal. Hydrogen and
hard zones in and around a weld bead continue to be the most
common causes of cracking of steel welds. An adequately low
risk of formation of such cracks in temper-bead repair welds
can be secured only if each electrode used has been specially
heat treated (as detailed in the specification) to achieve
maximum dryness, and then held at elevated temperature to
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maintain dryness until fusion. Accurate carrying out of
prehearmg and bead/layer deposition sequence is also essential
to prevent the formation of any hard spots with which hydrogen
can react. Finally, to complete the procedure, the repair area
needs to be given a low temperature heat treatment immediately
after welding, to disperse any hydrogen inadvertently
introduced.

It must be kept in mind while welding that every weld bead in
the buttering layers is performing an essential step in the
heat treatment of the repair. Therefore, every weld bead which
is improperly placed, or deposited with incorrect conditions of
temperature or welding technique, can leave behind it a strip
of netal having a permanently incorrect metallurgical
structure. To minimize the chance of this happening, agreement
should he secured with all welders involved with the repair as
to the sequence in which the beads of the two buttered layers
will be deposited, to ensure that the optimum bead overlap
pattern can and will be obtained throughout the cavity shape at
hand.
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FORM Q-»: RECORD OF WELDING PROCEDURE QUALIFICATION TESTS
(0-1 Form Revised January 1963)

Specification, Test Oate _ , „ ,
Karen 9/81

Base M o » e r i d s S A 5 1 6 _ G a 7 0

®*?!r-i^e&l{&f?k ir

Prccessta)

Pipe 00 Range Ouoii

SHSW

TestPieca(s),(if pipe, da.

fied

LflO Rsport No.
SQ81-24-K

"I-S^'i" Plate
Filler Metd(»)Typt or Analysis

£7018

Weld-Meraf(s) Analysis A-No.
1

F-No(s)
4

HEAT TREATMENT

FLUX ATMOSPHERE
Neulral
Alloying

Flux Trofla Norn* Purging •

270«C (520PF

Intarposs Tamp,
Min: Max:?>7

2
550° F)

Shading Gas(es) Gas Trad* Nam* Flaw Ranis)
efh

Posthmit T«mp.

Holding Tim»
70°C(520^

2 h

CHARPY IMPACT TESTS Stxdnwn TfnpfOTure: - 4 6 " C WELDING PROCEDURE

Sfwcmsn,
Norcft-floof
Location

1
2
3
4
5
€
7
8

WM

m
BM
BM
BM
HAZ

V-Notch
I/npoct Cnŵ Qf

13
38
44
20
13
22
52.5
14

Avtraga
Energy

(J)

31.6

18.3

Lateral
Expansion
(mm)

0.33
0.62
0.79
0.38
0.25
0.44
0.99
n ?«;

Ouctiit
Fraeturt
(pwrcsnt)

30
34
21
16
11
11
44
•n

Pass.
Singh Q
Muttipf a

Arc: Sngto
Muttipic

Groavfl Position (if
vvtical, stats
upward,o

Forthand Q
Backhand D

Spacunan
Oimansion (mm)

Width , 0 0

12.80

Thicxnest
Arta
(mm2)

128.6

0
Ultimart

Farce (kN)

71.9

.69
Ultimata

Stress (MPo)

560.8

48
Falun

OVTOCfBf

Ductile

Location

WM

BEND TESTS

Spaciman, Tast Typa

Side Bends (4}

Results, Commants

Satisfactoiy

FILLER METALS

ELECTRICAL

0c dJ
Ac a

J Polarity

Rev
GENERAL

I Amps Range I Volts Range
A80, B125, A23, B23, C23

-€i«

Travel

Sizes

Trade

| Deposit jreed

A—2.4 not
B-3.2 mo
C-4.0 mn

Names

Atom Ace

DRAWINGS

(3/32 in)
(V8 in)
(5/32. in)

weider, Operator B # Jennings

Ministry Witness B ^ ( Q ) a t a s

Ontario Wf5So. Data

Clock No. Siomp No. J - J . .

Ministry Examiner » • • , * , J

Ontario Hydre Representanva
P . Green
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STEP 1
BUTTER CAVITY WITH ONE LAYER OF WELD METAL USING 2.4 mm ( — i n ) DIA ELECTRODES

BUTTER FIRST LAYER WITH ONE LAYER OF 3.2 mm ( £ • » ) DIA ELECTRODES

STEP 3
FILL REMAINDER OF CAVITY USING NORMAL FILL PROCEDURE WITH 4mm DIA ELECTRODES

o
ir

i 2
I °

IS <n
IS co

TEMPER BEAD WELDING

DRAWING I OF I

FOR ONTARIO HYDRO SPECIFICATION P N - 6 3 6 - 8 3
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