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1.0 INTRODUCTION 

Welding applications are varied and diverse. 

The applications personnel are of ten confronted 

with many welding technological and metallurgical 

problems, leading to laying down of productive 

time and energy and increased cost due to wastage 

of materials and consumables. To avoid or atleast 

minimise these problems it is necessary to understand 

or atleast appreciate the metallurgical problems 

enc0untered during welding fabrication. For this, 

one should consider the two aspects of the material's 

weldability - viz., first, choice of specific 

materials for any welded component, in terms of the .. 

weldment's/material's behaviour in that application; 

second, choice of fabrication technology, methods 

and parameters to produce a sound (defect free) joint. 

To gain an idea of the former, the core engineering, 

materials used in the different sectors of fabrication 

and the logic for their choice are to be considered. 

Subsequently, the requirements during Nelding for 

fabrication of these materials are to be analysud. 

2.0 CORE ENGINEERING MATERIALS USED IN FABRICATICN 

INDUSTRIES 

Materials used in a specific fabrication industry 

are numerous and materials, that are welded, form 

a major part of it today. It is too exhaustive 

to cover all of them and here, only the core­

Engineering materials will be considered. The 
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materials for pressure vessels and boilers, ship 

building, transport industry {road and rail-road), 

structures (buildings, and bridges), aircraft 

and storage tanks will be discus5ed in order. 

2.1 Pressure Vessels and Boil~rs: 

The earlier desi;ns of welded boiler drums and 

pressure vessels were operated under conditions 

where plain carbon steels of moderate tensile 

strength could give satisfactory and economical 

constructions. Welded pressure vessels of today 

are des.:!.gned •:o operate under conditions which are 

much more varied and usually more stringent than 

the past. Pressures upto 204 atmospheres and 

temperatures upto 54o0 c, pressu~e and t~m~Prature 
cycling, environments containing hydrogen and 

corrosive agents and neutron irradiation have 

brought into conunon use a variety of alloys and 

filler metals heavier sections and new weluing 

pro.:esses. 

Tre materials generally employed in boilers and 

pressure vessels may be grouped as Carbon/Carbon-Mn 

steels (killed-Si and Al; semi-killed) low alley 

steels, quenched and tempered steels, Chromlw:i 

steels, austentltic steels, clad steels and 

non-ferrous metals and alloys. The materials used 

for the core components of a boiler/pressure vessel 

are given in Table-1. 

The naterials are often to cater to several of the 

following requirements in addition to weldability. 

Ol) Improved ambient and/or high temperature 
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strength (short/long term): 

02) Good impact resistance at ambient temperatures; 

03) Improved corrosion resistance including 

sulphur corrosion; 

04) Improved oxidation resistance and stability 

at high temperatures 

MATERIALS FOR PRESSURE VESSELS & BOILERS 

-----------------------------------------------------
Evaporators & 
Economisers 

Superheaters and 
nesuperheaters 

Steam pipelines 

Boiler dru."lls 

(Sootblowers 

Headers and nipples 

'C' steels 

Low alloy Cr-Mo steels 
C:r-Mo ·V steel;; 

Low alloy steels (Cr-Mo, 
Cr-Mo-V) 

c and C-Mn steels, low 
alloy V or Mn-Ni ~teels 

Ferritic stainless steels) 

Carbon steel, low alloy Cr-Mo 
steels 

Quenching and tempering treatments are of ten used 

in carbon ant! low alloy steels as a r.ubstitute for 

normalising and a~ a means of maintaining notch 

toughness in heavy thicknesses for pressure vessels. 

2.2 Ship Building: 

The materials for ship building should combine 
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conventional ~echanical properties with a 

suitable level of notch toughness and low hardena­

bility. The notch toughness can be maintained 

by specifying cerLain limitations on chemistry 

and steLl making and treating practices. The 

demand for higher section thicknesses increase 

the level of control on the notch tough chemistry 

of the material. 

In :ieavier thicknesses, normalising treatments 

are required to refine the grains and enhance the 

low temperature toughness. Certain steels contain 

low sulphur and phosphorus and a range for vanadium. 

Q&T C-Mn steels provide yield strengths upto a 

minimum of 35 Kgf/rnm2 with good notch toughness at 

-23°c. Q&'r HSLA steels with Ni , C.:-, Mo provide 

upto a minimum YS level of 70 Kgf fmm 2 

Transport Industry: 

Railroad Transport: 

The Indian Railway system is the largest in Asia, 

fourth largest in world. The transportation of 

fr~ight and passenger by railroads in India involves 

60,000 Kms. of trac~, 4 lakh numbers of freight cars, 

11,000 locomotives and 38,000 nwnbers of passenger 

cars. The t~ends, in tne ind~stty viz., increased 

carrying capacities, design of cars fer carrying 

specific materials and more passenger-comfort oriented 

facilities lead to the use of high strength low alloy 

steels instead of conventional carbon steels and 

increased use of welding to replace rivetting. 

-1 
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The various components of locomotives, railway 

cars, conunuter cars, frei;ht cars and tank cars 

are listed in Table~2. 

Railroad rails require length build up for making 

them as continuous rail, which reduces the number 

of bolted joints reducing cost of maintenance and 

increasing service life. Nonnally high or mediwn 

carbon steels are used for the rails. Frogs and 

crossings are made up of 14% Manganese steel, oth~r 

than the conventional open-henrth steel. 

TABLE-2 

RAIL-ROAD VEHICLES - COMPONENTS AND MATERIALS 

LOCOMOTIVES 

Underf rame 

Cabs & hoods 

Diesel engine: 

Housing 

- Carbon or low alloy steels 

- Rinuned steel 

- Forged steel or cast £teel with 

hardfacing for cylinder head 
valve seat 

Oilpan - Forgings, low 'C 1 steel 
plate/sheet 

Generator frames - Low carbon steel with ;;r<.:>cial 
& structural attach- magnetic properties 
men ts 

Truck frames - Cast steel (repairs only) 

Traction motor frame - Mild steel rolled and fcrmed 
sections 

Fuel & water tanks 

Main air reservoir 

- Rolled pl<.:te-semi-k:Uled low 'C' 
steel 

- Carbon steel - fire box quality 

I 
l 
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Pipings 
Fuel & lubricating 
oil lines 

Exhaust mufflers & 
manifolds 

Cylinder heads 

STAINLESS STEEL CARS 

- Mild steel (0.26 C Max) 

- CoFper tubes fo~ (corrosion 
resis\:ancF!) 

- 'C' steel (fire~ox quality) r· 
er-Mo heat resistant steel 

- Cast iron (re?air only) 

Non-structural areas - S~raight chromium ferritic 
steels 

Strucural areas 

COMMUTER CARS 

Body 

Floor sheets 

Interior panels 

FREIGHT CARS 

Body 

Others 

TANK CAR..c; 

Body 

Road T?'ansport: 

- 1ustenitic Cr-Ni-Mn steels 
Cr-Ni cold rolled sheet steels 

- Low alloy steels (wrought & cas· 

- Stainless or low alloy steel 
(welded with underframe) 

- Aluminium ( conmercial purity); 

- Rolled steel section& of 'C' 
or low alloy high strength 
steels (weather resistant ~teels 
with cu, Cr and Ni) 

- cast steel 

- Aluminium alloys & Nickel steels 
for cryogenic f lalds 
stainless steels (austenitic and 
ferritic) 

The type of service properties expected of a wledP.d 

joint of autocnative parts ~re given in Table-3. 

l 



-: 7 :-

TABLE-3 

SERVICE REQUIREMENTS OF AUTOMA'l'IVE PARTS 

1. Mechanical strength 

2. Fatigue Resistance 

3. Rigidity 
4. C~rrosion resistance (weather resistance) 

5. Leak tightness 

6, Aesthetics 

Many types of metals and alloys are used in welded 
fabrication of autanative products, as given in 

Table-4. 

TABLE-4 -------
TYPICAL MATERIALS FOR AUTOMATIVE PARTS 

PARTS 

~ngine blocks and heads 

Door hinges, chassis 
brackets 
Frames, propeller shafts 

Body components 

Rear axle housing 

Wheels 

Fuel tanks 
'l'r!m & hardware 

commercial trail~rE 

METALS USED 

: Alloy cast iron and Aluminium 

: Malleable iron 

Low carbon steel 
Cold rolled/hot rolled low 
'C' steel, galvanised cold 
rolled sheet steel, 
Zinc-rich painted sheet 
steel low alloy hiqh tensile 
sheet steels. 

: Low or medi1.un carbon steel 
stampings, cast steel or 
malleable iron 
Low •e rimmed or semi-killed 
steel, dualphase steel 

Terne plate 
Stainlees steel, A.lwninium & 
Zin:: dye-cast 
Aluminium sheets, angles, 
extrusions 
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In India, efforts have been put in for development 

of 'dual phase steel' for the wheel drums, requi­

ring high fonnability as well as hi':"h YS with good 

wel.dability. 

Passenger carrying components, whether truck-cab 

or automative body, are made of cold rolled sheets. 

Freight handling trailors are constructed of spot 

welded carbon steel or low carton high strength 

steel. In setting the material for the rotating 

components of the a.utomative products fatigue i~ 

an important iactor in design. 

Structures: 

Buildings: 

Weldin~ has become a major method of joining in 

building structures. Advantages of welding are 

now started to be recogniRed by designers as well as 

fabricator3. 

These structures are subjected to static loading 

or a loN frequency dynamic stress. Table-5 below 

gives the materials used in thes~ structu~es. While 

impact pro~erty requir~ments are not a part of the~e 

steel specifications today, they may have to be taken 

as a job-requirement in terms of the welded joints 

constructed at North-Indian regions wherP, brittle 

fracture behaviour below the transition temperature 

could always be exhibited. 
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TA'3LE-5 -------

MATERIALS WELDED FOR BUILDING AND BRIDGE APPLICATIONS 

* Ca~bon/carbon-M3nganese structurul steels (Hot 

rolled~ 

* High strength low alloy steels (Mn-V steels and 

Cb-V steels) 
* High yield strength Q&~ alloy steel plates. 

Bridges: 

Str~ctural elements of b~idges are normally exposed 

to atmosphe~e while that of the buildings are 

normally protected from svch exposure. Also, 

bridges (and crane runway girders etc) are subjected 

to dynamic and repetitive live loads unlike buildings. 

The different types of materials used are also given 

in Table-5. Dead-weight reduction is achi~•-"ed by 

HSLA steels providing economic advantage. Weather 

resistant i;.teels have also been indigenously developed 

in !ndia for this application. In using Weather 

Resistant steels, special investigati.:ms are necessary 

to ev3luate their weldability. 

2.5 Aircraft lndustry: 

Materials with high strength to weight ratio are of 

utmost importance to the aircraft indudtry. Aluminium 

and Magnesium alloys meet this requirement for structural 

materials in aircraft. Low alloy steels, corrosi.on­

resistant steels, cobalt, nickel and titanium bc:.sed 

alloys ai:e also employed wherP, temperature leval 

demand their use. P..".'ecipi.tation hardening stainless 
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steels, improved nickel and cobalt base alloys, 

new iron base alloys and refractory metals are 

being increasingly used. Cumposite materials 

(such as ho~eycomb or sandwich structures) ar? now 

quite common. 

The range of alloys a=e given in Table-6. In solid 

propellant rocket motor cases, use is made of new 

alloy Ti-13V-11Cr-3Al. 

TABLE-6 

MATERIALS USED IN AIRCRAFT INDUSTRY 

Aluminium and its alloys - Comme:cial purity 
Non-heat treatahle 'Al' 
alloys 

Magnesium & its alloys 

Titanium and its alloys 

Austenitic stainlass 
Steel 

Precipitation hardenin~: 
corrosion resistant 
steels 

Ni base alloys 

Heat-treatable alloys 
Cold rolled sheets/forms 

- Dif fer.ent varieties of 
Magnesium alloys 

- Commercial purity 
Alpha alloys (Al-Sn, Al-Mo-v, 

Al-Cb-Ta) 
Alpha-Beta{6Al-4V) alloys 
Beta alloys(l3V-11Cr-3Al) 
Alpha-Beta newly developed 
alloys 
(8Mn, 4Al-3Mo-1V, 2.5Al .. 15V etc) 

- Stabilised grades (Ti or Nb) 

- Non air-hardenable alloys 
l 7-4PH, l 7-7PH, 350 I 355. 
PH15-7Mo, PH 14-8Mo 

·· Ni-t:r-Mo-Fe solid solution 
hardened. (Inconel & Hastellsy 
B,W, X, C) For moderate high 
temr;.erature strength and 
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Superalloys 

2.6 Storage Tanks: 

- excellent oxidation 
resistance and corrosion 
resistance 

- Agehardenable Ni base, Fe 
base, Co base materials for 
fatigue, stress-rupture and 
strength at high temperature. 

Growth of cities and towns has increased the demand 

for the consumablex like water, oil, cooking gas 

and the petroleum produ~ts, necessitating mediwu 

and large storage tanks for them. Also, scientific 

and industrial developments have emphasized the need 

for storage of cry9genic fluids like liquid nitrogen, 

oxygen, and hydrogen. Refrigerated ammonia and 

acid for fertilizer industries requires storage 

tanks. The materials for the field placed tanks, 

exposed to weather conditions should be weather-proof. 

Tank material should withstand corrosion at ambient 

low or elevated temperat11res. These tanks are not 

pressurised inside. The vario11s materials used for 

storage tanks fabrication are given in Table-7. 

TABLE-7 

MATERIALS FOR STORAGE TANK FABRICATION 

* Deoxidisad carbon steels, C-Mn steels with good 

notch-toughness in normalised or Q&T condition 

* Copper bearing steels w1.th 'Cu' upto 0.2l 

* Nickel containing steels - 2.25 or 3.5% Ni 

* Wrought i·~·on forms/shap~s 
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* Aluminium and its alloys 

* Aust~•1.1.Lic stainless steels 

* Low alloy Q&T Cr-Ni-Mo-V-B-Cu steel 

3.0 WELDABILITY PROBLEMS IN FABRICATION 

Weldability iz a complex and not a well-defined term. 

However, one popular definition for weldability is 

'the capacity oE a material or a combination of 

materials to be welded under fabrication conditions, 

imposed into a specific suitably designed structure 

and to perform satisfactorily in the intended ser-.• · 

Twc different aspects of the three br~ncheS vf 

wela, )ility viz., the fabrication weldability and 

the design (or service) weldability are included in 

the above definition. The fabrication weldability 

problems to a larger extent, can be considered 

without consideration of the service aspects. The 

problems of service weldability necessiates 

discussions alcng with the relevant application. 

3.1 Fabrication weldability: 

The term 'fabrication weldability' covers the 

metallurgical problems associated with the soundness 

of a joint. The various types of cracking problems 

in weJ.dments and porosities in welds are covered 

under this. 

'!'he cracking problems are the bug-bear of the 

fabricatio~ industry today. An onlook into the 
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various types of cracking would enable one to 

have a better understanding in eliminating or 

minimising the problem. 

Hot Cracking: 

This occurs at high temperature nearer to the 

solidification temperature range of the alloy. 

When the alloy contains large amounts of impurities 

or tra.i'l\p elements, the sol_idif ication temperature 

range is widened. When sufficient restraint is 

present during welding, which hinders the weldmetal 

from shrinking/contracting during cooling, the 

weldmetal hot cracks occur, mostly along the 

centreline of weld. Conditio~~ for cracking are 

more conducive at the weld-end-Grater. 

These cracks also appear at the Heat Affected Zone 

(HAZ) of the material, where high temperatures are 

experienced near to the melting points of any low 

melting eutectics formed. HAZ hot cracks are 

called 'liquation cracks'. 

Both types of hot cracks are intergranuiar in nature 

and aormally medium and high carbon steels or steels 

with larger impurities than restricted levels 

are more prone 

and low alloy.s 

heat input and 

to this type of cracking. Mild steels 

steels ~re not much prone if ~roper 

weld pool g~ometry are maintained. 

In case of austenitlc stainless steels, weldmetal 

should have a composition balance to avoid cracking 

so as produce 3 to 5% delta ferrite in the otherwise 

fully austenitic weld. Aluminium alloys are prone 
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to hot cracking which are to be guarded against 

by a proper control of chemistry of the weldment -

especially with reference to the 'Mg' and 'Si' 

contents. 

Factors responsible for hot cracking: 

i) Impurities, widening solidifilation range; 

ii) Restraint; 

iii) Weld pool geometry 

Today mathematical models have been developed to 

predict hot cracking tendency of steels, based on 

which, to a large extent, one can decide and achieve 

the required acceptable weld metal composition, 

resistant to hot cracking. 

One of the models for hot cracking index is, 

C(S + p + Si +~) . 103 
HCS = 25 100 

3Mn + Cr + Mo + V 

The higher this index, the more is the hot crackincr 

susceptibility of the material. 

Of the various weldability tests for evaluation of 

hot cracking susceptibility, the Varestraint test 

arrd Murex test are the widely used tests. 

Cold cracl~ing: 

This cracking occurF- at or near the ambient tempe­

ratures usually below 1So0 c. The combined effects 

of diffusible hydrogen (which enters weld from many 

l 
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sources, diffuses out mostly through the HAZ of 

weldment) , the hardening at HAZ and the residual 

stresses, cause a coldcrack. ~he cracks are 

mostly transgranular b~t intergranulac cracks also 

are observed. Precauticns to avoid cold cracks 

are: 

a} Proper level of preheat and post heat; 

b) Reduced ~oisture in coating or welding atmosphere 

c) Choice of low hardenability materials 

Mild steels in heavy sections, low alloy steels and 

martensitic stainless steels are much prone to 

cold cracking. There is a lot of work put in to 

exactly predict the cold cracking behaviour and to 

sug~~~L che combination of precautions to avoid 

~rack (preheat, postheat, heat input, diffusible 

hydrogen etc) for a specific thickness and type of 

steel for any constru~tion. Limits have been 

imposed 011 the moisture content of SHAW electrodes 

for various strength levels of base materials to 

avoid cracking. 

One of the mathematical models available to predict 

cold cracking is given below: 

Pcm= C +Si /30 + (Mn +Cu+ Cr)/20 + Ni/60 + 

Mo/15 + V/10 + SB 

(Ito - Bessyo's Carbon equivalznt) 

PW(%) = Pcm+HD/60+RFY/40,000 where HD is Diffusible 

hydrogen in deposited metal - ml/100 gm 

(JIS method} 

-, 
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RFY: Intensity of Restraint of a joint (:~gf;'mm.r.un) 

Preheat To c0 c) = 1440PW - 392 (for oblique Ygroove) 

The various widely used weldability tests for 

evaluation of cold cracking susceptibility are -

i) Implant test 

ii) Tekker. test 
iii) CTS (Controlled Thermal Severity) test 

All these tests use actual welding and hence are 

called the direct weldability tests. 

For a proper prediction of the cold cracking 

behaviour of a steel the steel's hardenability 

indices as well as its' CCT (continuous cooling 

transformation) diagram are very helpful. The 

normal 'CCT' diagrams are not really useful in 

welding applications due to the peculiarities of 

the weld thermal cycle. Hence, there is a need to 

plot the 'Weld-CCT' diagrams for the materials. 

In welding Research Institute, Tiruchirapalli, 

Weld-CCT diagrams for saveral materials have already 

been plotted. A typical weld-CCT diagram plotted 

at WRI for a lCr-lMo- 0.25V steel has been shown 

in Fig .1. 

l 
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This diagram differs from the.conventional 

CCT diagram with respect to the X-axis legend, 

where the time taken for cooling from aoo0 c 
to soo0 c (tr8/5) is represented. 
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FIG:l .MODrFIED WELD-CCT DIAGRAM OF FOV C1Cr-1Mo-O·Z5V> 
GENERATED BY 11'-SITU WELD THE:1MAL CYCLE ANALYSIS 

This tr8/5 determines the resulting micro­

structure and properties of the material at 

the HAZ of a weldment. The time of cooling 

from aoo0 c to soo0 c (tr8/5) depends upon the 

thickness of the weldment the heat input 
and the welding process used. 

l 
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Restraint Cracking: 

When restraint of a member being welded is quite 

high, and beyond a critical value this cracking 

can occur due to high weld reactive stresses 

developed. The initiation of a crack may be due 

to restraint .:i.lone or due tc. cold or hot crac7dng. 

Solution to avoid this type of cracking is to lower 

the restraint level by proper sequencing etc, below 

the critical level (as found by experiments -

Restraint cracKing tests) which depends on welding 

parameters. The evaluation of the critical 

restraint intensities are carried out for any 

combination of welding conditions usi~g tests such 

as: 

i) Rigid Restraint Cracking (RRC) tests 

ii} Elastic Restraint Cracking (ERC) tests 

iii) Tensile Restraint Cracking (TRC) tests 

Of these, the ERC tests are preferable due to 

i) less sophisticated instruments and equipments 

requirad; and 

ii) less volume of material consumed for testing 

Reheat Cracking: 

This t~rpe of cracking observed only in Cr-Mo or 

Cr-Mo-V steels, also takes place at elevated 

temperatures at or near the stress-relief temperature 

for the material, especially a~ the coarse-grained 

region of the HAZ of weldment. Factors responsible 

are -

i) lowered ductility of grain boundary due to 

presence of segregated impurities like 
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sulphur etc; 

ii) s~ress-relieving temperatures nearer to 

creep-relaxation; 

iii) grain body strengthening due: to submicroscopic 

precipitations of spe~ific alloy carbides; a.1d 

iv) high level of residual str~sses in as welded 

condition. 

The reheat cracking susceptibility predicted 

based on the chemical composition, is given by -

PSR =Cr +Cu + 2Mo + 7Nb - STi - 2.0 

If PSR )> O, the steel will be prone to reheat 

cracking problems. 

Lamellar Tearing: 

This type of tearing occurs on welding of rolled 

structural materials with large amounts of elongated 

inclusions (Manganese Sulphide or 3ilic~te type) 

When material is unclean, the througl. thickness 

direction ductility suffers. When through thickness 

(Z-airection) ~tresses are creatPd during welding 

of a member (say a 'T' fillet weld), the elongated 

inclusions decoheses from matrix, join together 

by vertical jW!lps and cause a lamellar tear. 

Sometlmes, the tear mo.y run to several feet, 

starting from underneath the weld. Manytimes the 

tear is ir.itiated by a cold crack. 
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Factors respor.sible are -

i) large number of elongated inclusions with 

sharper ends causing a low Z-directio;i ductilit"~ 

ii) existence of Z-direction stresses during 

welding. 

Precautions against lamellar tearing are -

a) Selection of good materials having better 

Z-direction ductility 

Inclusion shape control by rare earth additions; 

b) Weld design modification to avoid/mini1i1ise 

Z-direction stresses; 

c) Buttering of horizont~l olates (jn-T fillP.rsl 

before fillet welding using a ductile we~a 

deposit, which absorbs Z-direction strains; 

d) More ductile weldmetal (with lower strength if 

design pennits & other ways are noc possible) 

Porosities: 

Weld porosities c.re due to any one or combination 

of several factors -

i) Large amounts of absorbed/dissolved gases in 

materials; 

ii) Non-decxidised materials containing oxides 

and oxygen; 

iii) Improperly protected arc (insufficient 

shielding of arc) 

... 
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Due to improved material producti~n technologies, 

the problem due to the first factor is becoming 

reduced especially in case of vacuum degassed or 

vacuum arc melted materials. 

In case of wel~ing of rimmed steels, where second 

factor is the cause, deoxidizers are to be added 

in the filler materials in more quantity to 

compensate for dilution fr.om rimmed steel parent 

metal. Third factor is to be taken care of 

through adjustment of technological parameters. 

3.2 Fabrication Weldability Tests - A WRI PACKAGE: 

Although several indirect test methods are available 

to evaluate weldability, it is widely recognised 

that the thermal cycles unique to w~lding result 

in behdviours that canno~ be simulated otherwise. 

Direct weldability tests have more promise of 

meeting the requirement for evaluation of weldability 

~ince they measure the effect of welding directly 

by welding process. There is a need to evaluate 

weldability of any material newly developed for a 

set of f abr~cation weldability problems such as hot 

cracking, cold cracking, restraint cracking etc. 

"THE WELDABILITY PACKAGE" developed at WRI consists 

of raw material testing (conventional chemical and 

rnechanii::al test:3 1 and micro examination as required 

by relevant standa~ds), hot cracking tests, cold 

cracking tests and restraint cracking tests. If 

the material is prone to reheat cracking, this 

susceptibility also is evaluated. 
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WRI PACKAGE OF WELDABII.ITY T;::S'lS --------------------------------

a) Raw material Tests 

b) Hot cracking test - Transvarestraint test 

c) Cold cracking tests -

- Bead on plate 

- Direct rate in-situ thermal analysls 

and plotting weld - cct 

- Inplant weldability test 

- Modified Tekken test or controlled Lhermal 

severity test (CTS) 

- Restraint/Reheat cracking tests if needed 

d) Procedure qualification tests -

- Evaluation of strength and toughness of 

weld and HAZ. 

- Based on above tests, a r.taster weldability 

diagram for. any steel can be deve:~oped by WRI. 

With these tests, one can establish for any material 

a mast~r weldability diagram which could 

be of direct use for the fabricator in selection of 

welding process and parameters to avo.1d the various 

cracking problems ~~d to achieve the desired 

properties of the weldment. 

Service Weldability: 

Fabrication of Pressure Vessels and Boilers: 

These applications call for matching filler materials 

resulting in weldment with matching properties. 
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The thicker sections of carbon steels and all 

section thicknesses of low alljy steels wili 

require a thermal stress-relief which also 

tempers the HAZ of weldments. Quenched and 

tempered steels require carefully controlled 

procedures different fron: that of N&T materials 

to maintain the advantages of the Q&T treatment. 

In particu.lar, the Heat Input, and level of preheat 

should be b;;.lanced to avoid degradation of HAZ 

propertie~ - especially strength and toughness. 

Ferritic and chromium iron alloys will have 

struc~ur~~ as duplex to avoid grain-growth and 

brittleness problems, associated with fully ferritic 

alloys or the intense HAZ hardening of fully 

martensitic alloys. For welding austenitic 

stainless steels for heat rssistance, higher carbon 

(0.20~C) grada electrodes/fillers are to be used. 

Due to high quall.ty requirements for pressure 

vessels, often GTA welding is recommended for 

root welding of pipes and tubes. 

Ship building Applications: 

Processes and fillet metal used should result in 

properties (strength and minimum notch-toughness) 

expected of base metal at the lowest design tempe­

rature. For welding of HSLA steels, tempering 

... 

bead must be used (covering pass) • Stress relieving 

generally should not be performed on low alloy steels 

especially prohibited on certain types of electrodes. 
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Transpor~ Industry: 

Rail Road: 

Fusion and Resistance welding processes are 

extensively used. When welding stainless steels 

for corrosion or for high temperature operation, 

colwnbium stabilised stainless weldrnetal is used. 

Large amounts of repair welds are made on railway 

components. Reclamation of cylinder heads of 

cast iron material is done with high preheats 

(7oo0 c} using preheat furnaces. Welding is done 

by oxy-acetylene process using flux and a cast 

iron rod. Slow cooling after repair is ensured. 

The wornout cam shafts are repaired by 'Hot Arc' 

process developed by Welding Research Institute, 

Tiruchirapalli. 

In addition to welding, many non-ferrous alloys 

(copper base) , malleable cast iron etc are being 

brazed. Fuel and lubricating oil lines are 

generally made of copper to counteract corrosion 

and are brazed with a silver brazing alloy. In 

kitchens of passenger trains, soldering or brazing 

repairs done should use filler metals free of 

cadmium tc avoid food-poisoning. Dissimilar joints 

between malleable iron and copper tubing also are 

done with a silver brazing alloy. As a permanent 

repair for eddy current clutches, copper overlay is 

built up on steel bore of clutch. 

Automative Industry: 

The materials for automative joints to achieve 

greater corrosion protection have been ~etallic 



-· 25 ·-

coated or painted. This has a definite effect 

on the welding process, dictating a modification 

in technology to be followed. 

For repair welding of cast iron engine blocks and 

heads, SMAW process using a pure 'Ni' or 55% Ni 

electrode is employed. The weld deposit is 

machinable, though of course, HAZ of cast iron 

will always exhibit poorer machinability due 

to hardening. Judicious peening of weld bead 

made in short lengths reduces the residual stresses 

or alters the stress pattern to produce harmless 

compressive stresses. For avoiding hot cracks, 

Ferronickel electrodes would be better compared to 

'Ni' electrodes. 

Welding of passenger car or truck wheels was made 

possible by extensive R&D in wheel design and 

welding techntques. Careful wheel design, shape of 

weld nugget, weld location, control of process 

parameters are required to be taken care of. The 

wheel rim is made f r".)l[l a strip of low carbon steel 

by flash welding to make a band, forming into the 

shape by various pressing and rolling operations 

and expanding to size. The weld must be free from 

defects and must be uniform in its properties, 

throughout circumference to withstand the subsequent 

die formi.ng operations. A new steel, being 

developed in India too, viz., 'Dual phase steel' 

is being evaluated for its weldability for this 

application by Welding Research Institute. 
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Bridges: 

When welding of high YS Q&T steels (ASTM A514) 

high heat input processes like Electroslag and 

Electrogas are not to be used. Proprietary steels 

and steels to specifications, providing atmospheric 

corrosion resistance are avnilable and while welding 

such steels, the finishing passes of multipass 

welds must have a chemical composition that will 

have a similar atmospheric corrosion resistance. 

Aircraft Industry: 

Since some of the welded magnesium alloys are 

prone to stress-corrosion cracking, it is essential 

that a thermal treatment be employed to remove the 

we!1ing residual stresses. Welded joints made 

betwee.1 magnesium and other metals are not generally 

recommended because of the resulting galvanic 

corrosion which is rapid. 

&1nce Titanium and its alloys are reactive with 

air and other foreign materials while welding, 

greater care must be exercised in preventing 

contamination. Also, normally the weldrnetal will 

consist of very large grains. 

Though welding of precipitation hardening corrosion 

resistant steel in annealed condition will result 

in higher weldmetal tensile strengths, this is not 

always the best sequence to secure the required 

joint properties. The welding process applied is 

a major factor in planning a welding and hardening 

procedure but same heat tr.eating steps and temperatures 
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are employed irrespective of the thickness of 

the material. Aluminium containing precipitation 

hardening steels should not be welded using 

processes other than gas shielded processes, since 

'Al' is lost by oxidation in weldmetal. For a 

dissimilar weld, of course with this steel, any 

process can be applied. 

When welding Nickel-base alloys (matrix strengthened) 

the following are the points to be considered -

a) Filler metal at least equal to base-w&tal in 

corrosion property; 

b) High cleanliness (free from grease, paint, etc, 

caueing 'S' pick up); 

c) Multipass welds in stringer-bead to avoid 

cracking through, interpass cleaning; 

d) With GTA process, inert gas backing is necess&ry 

when possible; 

e) No root gap necessary in GTA process since 

penetration is achieved. 

Storage Tanks: 

Like the materials for field placed tanks, the weld 

metal also should possess the weather-proof property, 

withstanding corrosion at ambient, low or elevated 

temperatures. 
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WELDABILITY EVALUATION OF AN INDIGENOUS HSLA 

STEEL - A CASf STUDY 

The microalloyed steels have definite advantages 

over the conventional low alloy steels for struc­

tural applications. Cost of alloying is lower 

with mi~roalloying elements like 'Nitrogen' and 

'Al', 'Cb', 'V', or 'Ti' which raise the yield 

point by precipitation hardening as well as by 

fine-grain development in the steel. There is 

an improvement in the weldability as well as 

impact and fracture properties due to lowered 

carbon levels. 

A micro alloyed steel developed in India, was 

required to be evaluated for the weldability 

aspects. Thin sections of lOmm thickness 
supplied by the st~el makers, were taken up for 

following tests -

i) Hydrogen c~acking susceptibility tests; 

ii) Solidification cracking tests; 

iii) Loss of toughness of weld/HAZ 

Though in addition to the above, l~~ellar tearing 

is one of the major problems in arc welding, the 

tests for lamellar tearing was not taken up since 

the tearing problems will be absent in thin materials 

such as 10 mm plates. 

Loss of Weld Metal/HAZ Toughness: 

In wrought steels, the influence of microalloying 

• 



-: 29 ;-

elements on austenite transformation is often 

obscured by caYblde formation, which retards 

grain coarsening _ of the austeni t-e and removes 

carbo11 from solution. This %esults in a loss 

of hardenability which offsets the positive 

effects of the microalloying elements. Hence 

the effect of titanium and columbium on hardena­

bility is highly dependent on the prior thermal 

history of the material. Both titanium and 

columbium suppress the formation of proeutectoid 

ferrite in weld metals and HAZ's more effectively 

than in wrought materials. Toughness can be 

significantly _ improved by alloying addiL..i.ons 

which promote the formation of fine interlocking 

microstructures, such as acicular ferrite. 

On the other hand, while grain refinement results 

in improved cleavage resistance, precipitation 

strengthening always result in loss of toughness. 
Columbium, vanadium and titanium are powerful 

precipitation strerigth~ners, and the magnitude 

of their effect will depend upon the weld thermal 

cycle. In addition, in steels where only 

columbium is present, there is the possibility 

of the formation of lath type martensite which can 

reduce the toughness significantly. In the foregoing 

test, presentation has been made on the result of 
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the weUability 1nd associated metallurgical investi­
gations on three different heats of a HSLA ·r section 
developed by the research 1nd development depart­
ment of one of the major steel pl1nts in India. 

DETAILS OF EXPERIMENTS 

Three different heats of an ·r section of high 
strength low alloy steel developed by the R & 0 
division of a major steel manufacturer were investi­
g~ted for their weldability. 

The chemical composition an:! mechanical 
properties of the different heats 1re given in Tables 
1 and 2 respectively. 

TABLE 1 

CHEMICAL COMPOSITION 

Percent Con1ent 

Element 
HUI-I Hnt-11 Hut-111 

Carbon 0.15 0.16 0.18 

Manganu• 1.18 0.82 1.44 

Silicon 0.12 <0.10 0.17 

Niobiurr. 0.03-0.05 0.04 0.03-0.05 

Vanadium <0.05 <0.05 

Sulphur 0.02 0.028 

Phosphorous 0.017 0.016 

Aluminium 0.3-0.5 <0.02 

Chromium 0.096 <0.10 

Nickel <0.10 <0.10 

Molybdenum <0.10 <0.10 

TABLE 2 

MECHANICAL PROPERTIES 

Properly He11-I Heal-II 

UTS kg·mm' (ii 56.8 (i) 52.5 
(11) 56.4 (11) 51.2 

(iii) 58.5 

Yoe Id Srreng1h (i) 44.0 (i) 40.6 
kg mm' (i1) 44.9 (i1) 39.4 

(1i1) 45.6 

" .. Elong111on (ii 28.5 (i) 21 
(II) • (II) o 
( 111) 28 3 

"• Reduc1ion (1) 54.4 (1) 61.3 
1n A1ea (11) 50.9 (11) 61. I 

(1i1) 56.0 

•Broken 11 •houldor. 

<0.03 

0.024 

0.013 

0.03 

0.10 

0.10 

0.10 

Hu1-lll 

(•) 62.8 
(1i) 61.9 

(1) 45.9 
(i1) 46.3 

(1) 25.6 
( llj 27.4 

l1J 53.3 
(111 54.8 

TADi..C 3 

RESULTS OF TRANSVARESTRAINT TEST 

Die 
Block 
Radius 
(mm) 

I 
I Observati:in (CCL) 

SI. 
No. 

2 

4 

5 

6 

7 

1000 

500 

333 

300 

250 

200 

150 

Sl~•in j 
.• ! 

0.3 

0.6 

0.9 

1.0 

1.2 

1.5 

2.0 

x 
x 
x 

Cracks in 
1solued 
re91ons 

X-No Cracks Observed 

CCL -Cumulative Crack Length (mm) 

II 111 

x 

1.2 x 
8.7 x 

15.7 Small 
Cracks 
Hen 

The transvarestraint test was conducted on tha 
three different heats at differenl strain levels as 
indicated in Table 3, to determine the hot cracking 
tendency. (A sketch of the test set-up is shown ir 
Fig. 1) and the test is described elsewhere (10). 
The results of the test are given in Table 3. 

I 
Uld 

~l 
roc;uat 1 !".CH(MATIC OIAGAAM FOR TllAHS~ESTMINT TEST 

The susceptibility to cold cracking was assessed 
using the Controlled Thermal Severity (C.T.S.) test 
(Fig. 2). The test was conducted without preheat 
using AWS E-7018 electrodes under pro~erly 
redried as well as in the as-supplied cond1t1ons. 
The redrying temperature employed WIS 400 C 1nd 
the dur"ion of redrying was 1 hour. The resulls of 
the test are given in Table 4. 

• 
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~tl~T 
The web portion of the .,. sectior. was useci ior 

the transvarestr,.int test and C.T.S. test and the flange 
portions for the rrocedure qualification trials using 
single • V • edge Portions. The relevant cutting 
plans and joint geometry for the cracking tests and 
procedure qualification are shown in fig. 3 and 
fig. 4. 

llln.lll MATlllM.. raa _..,.. cauaun:AT- & 

.. MATlllllL TOTI T.uta• •- - . 

TUT ICLC> 

SET-\JP FOR C ·T·S ·TEST 

0 
z 

2 

o~ 

o~ 
jZI-

! 
i 3 
I 
I 
I 

I 
I 

3 
i 
: --

TABLE 4 

RESULTS OF CTS TEST 

Elect· I Pre-
Observ111ons 

rode 
Condi· lhHI I HHl·ll tions Hell-I 

Im pro· None LPl-Aeveal- I No 
perly ed Micro· Cricks 

. baked porosity at observed 
Sllrl 1nd 
end of weld 

I Properly None No Cricks No 
biked observed I Cricks I observed 

IOO 

nGllll: l 

,~ .. 1-111 

No 
Cracks 
observed 

No 
Cricks 
observed 

From the results of the cracking tests. it was 
inferred that only properly redried electrodes could 
be employed for producing welds without defects. 
Hence. a procedure qualification trial was carried 
out using only electrodes redried at 400°C for 
1 hour. 

The test carried out for qualifying the procedure 
included:-

Two transverse tensile tests. 

Two root bend tests. 

Two face bend tests. 

Charpy-V impact tests with the notch located 
in (a) the centre of the weld (b) the region exposed 
to temperatures greater than A~ (Coarse grained 
region of the HAZ but below the melting point) 
(c) the fine grained region dnd (d) the unaffected 
base material. Metallographic investigations which 
included analysis of weld. heat-affected zone and 
parent material structures an1 hardness survey across 
these three regions. 

', 
MAT[lll&l. 'Oil TILlllSW.lllSTa.uaT 

TUT • COllTIIOl.LlD fMIJIM.IL 
5'vtlllTY (C:TSl TUT TAll(M ·- "'"'· 

CUTTING PLN1 FOR W£LOA81LITl' TESTS &. "'L. 
PAOCEilUllE QUALIFICATION 

•IGUlll: ) 

.__·""' __ !..__ ___ \ 
EDGE PREPARATION FOR \\~LDING PROC::. ~ 

QUALIFICATION 

FIGURE: 4 

RESULTS AND DISCUSSION 

The transvarestraint test was mainly conducted 
in order to determine the cr.tical cracking strain for 
the various heats. While for the fiist and third heats. 
incidence of micro hot cracking was noted at strains 
greater than 1.2•;. and 2.0°,. respectively, the second 
heat exhibited significant hot cracking at strains 
over 1.0°fo. The cumulative crack length for the 
second heat at 2.0;~ strain level was 15. 7 mm. The 
diflerence in the hot cracking tendency of the second 
teat u compared with the other two heats could be 
attributed chiefly to the low Mn S ratio of 29.3 in 
the second heat. The first and third heats has Mn S 
ratios of 59.:; and 60 respectively. Photomicro-



graphs 1. 2 ctnd 3 show the hot rracks in the trans· 
varestraint test on the three heats. 

· . 
.. • - :4" . · .. · 

'I. • 

....... 
... 

Photor.i1cro;raph 1. Ma9nolocation: 100X; Unetcl:ed. 
Structure showir.g hot cracks formed in the 

tra1.sv1restr1int test at 1.2~ •. strain in the heat No. 1. 
lnclo . .>1ons. probably oxides are seen in the background 

/~ .. 
j
. . ., -... ·.. , ..,..:-,,.- ·r {'ill ·._ . .. ·. ., 

I ~ . ·. ·_· ~~-A-~,-~<·~ .... 
-~.....- . - ... 

.: ~ ...... '.. .. .. . ..... .. ,}. _,,;. ·:··,/. ~~ ... >;.;/;_.-:~·:-
~ .. •Jr~ ... : ... ;/ ~. --< ._ . ~: ~-; . .;,~-: ~;~~ 

- ;;:··-.-~.. .. , , --~·._· .. ~: ~ 
'.-' - . -· . . . .• .. 

. ,,. ·.• .;" . . . . . . : .. :' 
Photomicrograph 2. Magnification: lOOX; Unetched 
A metallographoc crcss-sec11on of the 11ansvarestraint 

tell s~ecomen of heat No. 2 tested 11 1 strein level 
Of 1.2"0 • M1crol 1ssuring •S seen in the structure 

. . ... . /. ... ~--~-~ .. 
.1~·~;~ 
.. ~ -;s .... 

Photnmocrogra~h 3. "'•gno11ca11on 100X. Unr.rched 
Pho10 show1nq hor cr1c1ts. 1n 1he rransvart?Strill1n1 1esr 

s.µP-c•mr.n or h~a1 "lo.":!. The cracks were 
observed ar a srra1n lev~I or 2"., 
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The controlled thermal severity test demonstrated 

ircidence of micropores in the test weld when .:-:~ 

test was conducted with AWS E-7018 electrodes in 
the as-supplied conditioJn. Wh!le porosity could be 
ac~eptc;ble according to some codes. it is preferable 
to do the actual welding of components with pro­
perly dried elect1;.ides (at 400 C for 1 hour) in order 
to a11oid cold cracks even though the C.T.S. test did 
not reveal any cracks ·Nitil both redried and as­
supplied electrodes. Photomicr!>graph 4 shows the 

Photomicrograph/'. M1gnil1cation: IOOX; Eteh1nt: 3". 
Nita I. Structure showing the weld (top right) the 

co11segra:Md bainit" "' the HAZ (middle] 
and the ,efined ferrite and pearlote 

struc;ure (bottom lefl) 

micro-structure of the weld. HAZ and base material 
in the C.T.S. test conducted on the first heat which is 
rapresentativP. of the other two heats c.s well. 

The results of the tran;verse tensile test con· 
ducted on the welded plates of procedure qualifica­
tion tests indicated a matching strength and ductility 
in the weld metal as compared with that of the base 
metal. 

The face and root bend tests passed the 180' 
bend angle without openings in the third heat while 
in the first heat there were some minor openings in 
the base materials in one root and one face bend 
test. One of the root bend s;>ecimens revealed 1 

small opening in the secon:1 heat However, the 
openings were all within the permissible limits. 

The Charpy· V impact tests carried out with the 
notch in the four zones of the weldment. namply, the 
unaffe::ted parent material weld, coarse-grained HAZ 
and fine-grained HAZ revealed very high impact 
toughness values of over 20 kgfm cm' in the grain· 
refined HAZ even at temperatures below - 50 C. 
The impact toughness of the grain ·coarsened region 
was lower and the ductile-brittle transition tempera· 
ture (50~ ~ ductility) was between -- 30 C and 
- 50 C. The base material impact toughness was 
also.Quite high even at sub-zero temperatures except 

• 

I 
I 
' 
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in the case of the second heat which had relatively 
lower impact toughness. probably due to the presence 
of inclusions. The average impact strength vs. 

33 • 
testing temperature curves for the three heats with 
the not-::h located in the four different zones are 
given in Fig. 5. 6 and 7 respectively. 
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The ouent materiel structure In 111 the three 
heats comprised polygonJI grains of ferrite and 
peulite with grain size liner than ASTM No. 8. 
Photomicrograph 5 shov.s the typical parent materi~I 
:ouucture. The weld metal structure shown in photo­
micrograph 6 reveals co~umnar grains in the top 
•aver and poh·gonal grains at the lower layers. 
Generally. since the properties of the root of the 
weld is criticJI. the improved properties of the 
grains in the root of the weld which are recrystallised 
into a polygonal grains by the top layers add to the 

Quality of the joint . 

Pho1omicro~r•ph "· M1gnit1c11ion. IOOX. Erch1nt · 
J·· •. Ni11i. Weld srrucrure sho.,.1ng column1t gr11ns 01 

rer111e •nJ c1rb•du 1n rhe top l1yer and poiygon1I 

'-'''"' ct terr •1'1 1n the bot1ont l•ve• forn1ed 
b'r :eerys11111u11on due 10 tempering 

1c11on or the rop l1yer 

The narrow coarse-grained region of the heat­
,.ffected ~one is som~wh:it detrimental but the maxi· 
mum hardness level in thrs reqion was less Chan 300 
VHN (20 kg lead) which 1s acctplable for the service 
conditions to which rhe steel would be subjected 
:o. P' .otomicrograph 7 shows the refiMd zone. the 
weld and the ad101r1ng coarse-gra1neo zone while 
photomicrograph 8 demonsrrates the fir~e-i;rai.11.d 

region of 1he heat-1ffac1ed zone. 

Photomicrograph 8. (representative ot 111 the three heats 
Magnil1ca11on. IOOX; Erchan1 · 3°~ N•t•I 

Microsrrucrure ot the region ne•r il'l lhe coarse-grained 
heal allec•ed zone, consisting or urremely fine 

polygonal grains ol ferrite and pearl1te W•th 
ASTM grain S•Ze No. 3 

Table 5 gives a s'.<etch of the h11dness levels 
across th9 weld, HAZ and parent material in the three 
different heats of the steal along with 1he hardness 
values. Barring an isolated instance of a maxrmum 
underbead hardness of 297 VHN in the heat-atfected 
zone of the second heat. the underbead hardness 
level was tower than 250 VHN thus der"'10nsrra1inl'.I 
the good weldabiliry of the steel. 

CONCLUSIONS 
The HSLA · I · sei;tions have good resistancP. to 

hot cracking. Howe•er. from the results of invest•· 
galions carried our in one of the heats. 11 can be 
observed that there could be a tendency to hot 
crackir.g 1n some of the melts due to higt; sulphur 
content. Hence. it is essential to determine the 
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TABLE '5 

HARDNESS SURVEY (HEAT-I) (VICKERS-10 Kg LOAD) 

1 ........... 20 21 ............... ...... 40 

H111-1 Hut-II Hut-Ill 

199 21 221 1 1JO 

2 206 22 221 2 160 
3 206 23 211 3 165 
4 206 24 221 4 179 
5 221 •c . , 271 5 206 
6 221 26 221 6 206 
7 206 lFl) 27 206 (Fl) 7 190.6 (Fl) 
8 193 28 221 s 170 
g 193 29 221 9 176 

10 2".;6 30 213 10 176 
11 193 31 2r6 11 176 
12 193 32 206 12 183.4 
13 191 33 206 13 183.4 
u 187 34 213 u 183.4 
15 213 35 221 15 199 
16 221 36 206 (Fl) 16 206 (flj 

17 206 37 221 17 206 
18 221 38 221 18 181 
19 221 39 221 19 165 
:o 206 40 213 20 170 

ct.em1r::I comi;osit:on of each of the heat and ensure 
that the Mn S ratio is reasonably high ( > 50) and 
the inclusion content is at low levels. 

Th~ cold cr2cking susceptibili('( of the HSLA • I • 
sections is significantlv low in that the c.T.S. test 
failed to reveal any cold c1acks evP.n when the elec­
trodes were not rec!ried properly and no preheat was 
employed. However. as a precautionary measure. 
it is nocessary to redry the eiectrodes at 400 C for 
1 hour in o·der to avoid co~d cracks in actual 
structures. which can hev• higher restraint than that 
simulated in the C.T.S. test. 

Welding procedure Qualific<'t1on of the steel 
section employing properly redried elO?ctrodes i!nd 
without preheat gave satisfactory tensile properties 
for the weldment. Since the flange mid-thickness 
of the ·I· sections was limited to 1 O mm. it c3nnot 
be conr:luded that 'I· secti,ins with higher foan~e 
mid-thic·<ness do not require p.:.-'1P.;1•. 

The Charpy-V impactstrength vs. testing temper­
ature curves indicated that the steel sections as well 
as th'! weldments made of it had low ductile-brittle 
transition temperatures. While the fine-grainec1 
region of the HAZ had very good impac.t tougl\nesi; 
even at temperatures below - 50 C, the weld anc: 
the base materi~I (except on case.o where the inclu · 
sinn contents are high) a:so have satisfacto;y impact 
toughhess enabling safe application at sub-zero 
temperatures. Th~ narrow coarse-grained region of 
the HAZ which exhibited a relatively higher transitio1i 
temperature m1y net pive rise to major crackin,~ 
pro.,lems since the maxom•Jm underbead hardness is 
below 300 VHN. 

The microstructurc of tlie parent ma1er1dl. weld 
and the heat-alh:cted zone do not exh1b1t any ur1-
dcsirable hard consMuent~ to cause cracking. Ever. 
t~e co1rse·gr.~ined zone in the HAZ 1us1 ad1acent 1 o 
u.e fusion line l1m1ted t.J a very narro.v area. The 

----
21 181 1 22t ~1 206 
22 181 2 221 22 206 
23 181 3 221 23 206 
:i:.4 181 4 229 24 215 
;:5 181 (FL) 5 129 (FL) 25 211 
:!6 179 6 221 26 215 
:n 176 7 215 27 236 (FL) 
ZS 160 8 203 28 221 
29 165 9 206 29 221 
30 170 10 218 30 215 
31 170 11 224 31 211 
32 187 12 229 32 U1 
33 193 13 221 33 22· 
34 170 14 221 34 ·_29 (Fl) 
35 160 15 236 35 221 
36 160 16 236 (FL) 36 215 
37 165 17 '<29 37 206 
38 170 (fl) 1S 221 38 206 
39 176 '9 215 39 206 
40 181 20 214 40 206 

hardness sur11ey across the three zones further con­
rirmed the absence of hard const;tuents, since the 
maximum underbead hardness was lower than 300 
\.-'HN and most of the indenutions in the HAZ gave 
values less thar. 250 VHN. 
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