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Abstract

Group of high strength low alloy steel, signs NIONIKRAL60 and 

NIONIKRAL70, created as the need to replace the steel HY-80 and HY-100, is a 

serious breakthrough to designers and manufacturers of metal structures, 

especially pressure vessels, enabling to design and produce Hght steel structure. 

The main problem in the application of high strength low alloy steels, especially 

NIONIKRAL 70, their weldability, especially in the case of thicker base 

material, which is dictated by the requirements of the appropriate structures.

The reliability of welds cannot be ensured without proper understanding 

of weldability therefore the hterature reporting the research on cold cracking 

phenomenon and weldabhity of HSLA steel is reviewed and studied in the first 

part of this thesis in order to lay the theoretical foundations of this study.

However in view of the importance of high strength low ahoy (HSLA) 

NIONIKRAL-70 steel, particularly for critical applications such as offshore plat- 

forms, pipeline and pressure vessels, the second part of this current work 

reports on an investigation of how to weld this type of steel economically 

without cold cracking. Using manual metal arc (MMA) welding process and 

thicker plates of NIONIKRAL-70 steel (up to 30 mm), many experiments 

through various technological tests such as Controlled Thermal Severity (CTS) 

test, Y-Groove test and Cabelka-Million test have been carried out both to 

observe this phenomenon, and to investigate the influencing factors, such as 

preheating technique, heat input, and electrode type. In addition to detecting 

cracks themselves, as an indirect indicator of weldabihty, and as a result of 

experimental research, the distribution of hardness in the welded joints, as well 

as toughness and fracture toughness of typical cross-sechons of the welded 

joints have been tested. However, it has been found that there is a risk of cold 

cracking in NIONIKRAL-70 steel welds.





For NIONIKRAL-70 steel the optimum energy input has been determined, 

providing maximum crack propagahon energy due to parametric combination 

of 200 °C preheahng temperature, 15 KJ/cm heat input and TENACITO-80 

electrode type.

Moreover Taguchi philosophy has been successfully applied to obtain 

optimal welding parametric combinahons to evaluate the weldability of 

NIONIKRAL-70 steel joints produced by manual metal arc (MMA) welding. 

Based on Taguchi approach the present study centers around adophon of L4 

orthogonal array and design experiments have been accordingly conducted 

with two different levels of welding process parameters e.g. preheating 

temperature, heat input and electrode shength. Weld toughness and fracture 

toughness measured for each experiment hial. With respect to the obtained 

results by Taguchi method and ANOVA it has been found that preheating is the 

most influencing parameter on weldability of the selected steel.

Keywords: HSLA (NIONIKRAL-70) steel, cold cracks, weldability teshng,

preheating, hardness, toughness, Taguchi approach, ANOVA.

Scientific field:

Technical science, Mechanical Engineering.

Narrow scientific field:

Welding and Materials Engineering
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ancrpaKTaH

Tpyna bmcokc MBpcTohe HH3aK jiempaHor nejiHKa , noTnMcyje 

HMOHMKPAJI60 h HHOHHKPAJI70 , HacTao Kao noipeSa pa  ce 3aMeHM 

nejiMKa XH - 80 m XH - 100 , jeo36MJi»aH npoSoj Ha ^M3ajHepa h npoM3BobaHa 

MeTajiHMX KOHCipivKMMja , noce5no cyAOBa nop npMTMCKOM, ihto OMoryliaBa pa  

A,M3ajHMpa m npoM3Beae naKa leiiB iH a KOHCTpyKMiija . Ochobhh npoSjieM y 

npMMeHM BMCOKe HBpcTohe hmckot enipahmx HejiMKa , iioccGho HHOHHKPAJI 

70 , H>MXOBa cnoco6HOCT 3aBapiiBaH>a , noce^Ho y cnyHajy p,e6.Ti>er ochobhot 

MaTepiijajia , Kojii je AMKTnpaH 3axTeBMMa oproBapajyfiMX CTpyKiypa .

noy3p,aHocT BapoBa He MO*e o6e36epMTM 6e3 npaBMJiHor pa3yMeBaH>a 

3aBapjBMBOCTM ctorajiHTepaiypa M3BeiirraBaH>e McrpajKiiBan>e o cjieiioMeHv m 

xjiaAHiix npcjiHHa 3aBapjBMBocTM op XCJ1A nejiMKa je npemeAaH m CTyaMpao y 

npBOM Aejiy OBe Te3e kbko 6m ce nocraBMiiM TeopnjcKe ocHOBe OBe CTyflMje .

MehvTiiM, c o63MpoM Ha BaoKHOCT BMCOKe HBpcTohe hmckot nerype 

(XCJIA ) HHOHHKPAJI - 70 HejiiiKa , HapoHiiTO 3a KpirnniHe an.TMKaii;Mje Kao 

ihto cy ocj) inop iiJiaTcjjopMM , MeBOBoaa m nocyaa nofl npMTMCKOM , y ApvroM 

Mejiy obot M3Beiirraja TeKyliMX pa^;e Ha Mcrpa3M o TOMe KaKO 3a Bapeire oBa 

Bpcra HejiMKa ckohomckm 6e3 xj\apn\ix npaiMHa . KopncTehn ynyTCTBo 

MeTajiHM JiyK (MMA) npon;ec 3aBapMBaH>a m fle6jBMX iraoHa 3a HHOHHKPAJI - 

70 HejiriKa ( ho 30 mm) , mhotmm eKcnepMMeHTMMa nyTeM pa3HMX TexHOJioiHKMX 

TecTOBa , Kao ihto cy KoHipoHMcaHo toihiotho npep;ocTpojKHocTM ( H,TC ) TecT 

, H - PpooBe Tecra m Ha6e.riKa MniMOHa TecTa MMajy CnpoBefleHO je ^a 

nocMaTpa oBaj <j>eHOMeH , m pa  McnMTajy cj>aKTopM yTMii;aja , Kao ihto cy 

npeHrpeBaH>e TexHMKe , yjia3 TOiuiOTe , m m n a eneKTpo^e . IIopeA OTKpMBai-&a 

nyKOTMHe ce6e , Kao nhampektiior noKa3aTejB 3aBapjBMBOCT , m Kao pe3y.TiTaT 

eKcnepMMeHTajiHMx McrpaJKMBar&a ,paciiOM,eJia UBpAohe y 3aBapeHMX cnojeBa , 

Kao m HCMJiaBociM m JiOMa »CMnaBOCT TMnnHHMX npeceKa 3aBapeHMX cnojeBa cy 

TeciMpaHM . MebyTMM , HćibeHO je pa  nocTojMpM3MK op, xHaM,Hor nyKOTMHa y 

HHOHHKPAJI - 70 ienimHMx 3aBapeHMX cnojeBa .

IV





3a HMOHMKPAJI - 70 HejiHKaoirraMajraH yHoc eHepmje je oapeBeH , 

o6e36ebyjyliii MaKCHMa;my eHepmjy npcniiHe y o ie f l  napaMeTapcKor 

KOM6imaii,nje 200 ° H TeMnepaiype npeArpeBaita , 15 KJ / h;m yna3 TomiOTe w 

TFHATTMTO - 80 in n a  ejieKipoaa .

n iT a B im ie  T a ry H ii (jjm iosocjiH ja je y c n e iim o  npH M e iteH a  3a f lo 6 HjaH.e 

onTHMajiHe KOM6 HHan,Hje 3a 3aBapHBai-be napaMeTapcKe r  a npopeH H  

3aBapji>HBocT oji; HMOHMKPAJI-70 i ie im u H X  cnojeBa H acra jiH X  pvH rn iM  

MeTaji apn; (MMA) 3aBapHBaH.e. Ha ocHOBy TarynxH n p n liH  obom pa,ny 

H e irrapa  oko ycBajaH.a JI4  M aTpnpe rnHpoKe h  f lH 3ajH eKcnepHMeHaTa cy  

cxoyHO TOMe cnpoBefleHo ca jjbsl p a 3j ih h h t a HHBoa npou;ecHHX napaM eTapa 

3aBapHBan.a Hnp. npeyrpeBaH .e  TeMnepaTypa, yH oc To iu ioTe h  ejieKTpop;a 

CHare. Bapa žKHJiaBocr h  »cHJiaBOCT JioMa H3MepeHa 3a CBaKH eKcnepHMeHT 

cyBeHe. y  n o rn e p y  pe3y jrraTa  f lo 6 HjeHHx m c t o h o m  Taryn;xH h  AHOBA je 

yTBpBeHo fla  je 3arpeBaH>e HajBHme B p m e ite  yTHH;aja Ha napaM eTap 

3aBapjBHBOCT H3a6 p aH o r nenHKa.

KiByHHe penii: XCJIA (HMOHMKPAJI-70) nejiHK, xnaflHO nyKOTHHe, 

cnoco6Hocr 3aBapHBaH>a TecTTipaibe, npearpeBaiBe, TBpfloha, »inaBocT, 

TaiyvH npMCTyn, AHOBA.

HayHHa o6 jiacr:

TexHHHKeHayKe, M aim m cTBO 

Y»ca HayHHa o 6 jiacr:

3aBapHBaH.e h HK*;eH.epCTBo MaTepnjajia 
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Chapter 1 Introduction

1. Introduction

1.1 Background

High-strength low-alloy (HSLA) steels were originally developed in the 

1960s for large-diameter oil and gas pipelines. The line pipe used in these 

projects required higher strength and toughness than mild carbon steel, and 

good weldability provided by a low carbon equivalent (CE).[1] The last four 

decades have seen remarkable progress in the development of High Strength 

Low Alloy (HSLA) steels for structural applications in pipelines, offshore 

structures, ships and buildings. These developments have been driven by the 

need to obtain improved combinahons of weldability, toughness and strength 

in tonnage quantities at affordable prices. They have engaged all sectors of the 

industry; steelmakers, manufacturers, constructors, operators and safety 

regulators, and have spanned disciplines from theoretical modeling to 

manufacturing and site construction activities. At the heart of these 

developments has been the understanding of the physical and chemical 

metallurgy of the steel product, how the joining process influences it and how 

this in turn determines the performance, integrity and reliability of the final 

installation. Interest has focused particularly on the weld heat affected zone, its 

microstructure and properties, especially the effect of steel chemistry, weld 

process and heat input, preheat and post-weld heat treatment on weldability 

and toughness. While significant improvements in weldability have been 

achieved over the years through reductions in the carbon equivalent, a 

consequence of this has been the increased reliance on thermo-mechanical 

processing and a shift to microalloy-dominated strengthening mechanisms, 

away from the carbon-dominated mechanisms on which the original 

understanding was based.P]

High-strength low-alloy (HSLA) steels, or microalloyed steels, are 

designed to provide better mechanical properties and/or greater resistance to 

atmospheric corrosion than conventional carbon steels. They are not considered
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Chapter 1 Introduction

to be alloy steels in the normal sense because they are designed to meet specific 

mechanical properties rather than a chemical composition (HSLA steels have 

yield strengths greater than 275 MPa.

The chemical composition of specific HSLA steel may vary for different 

product thicknesses to meet mechanical property requirements. The HSLA 

steels in sheet or plate form have low carbon content (0.05 to-0.25% C) in order 

to produce adequate formabihty and weldability, and they have manganese 

content up to 2.0%. Small quantities of chromium, nickel, molvbdenum, copper, 

rđtrogen, vanadium, niobium, titanium, and zirconium are used in various 

combinations.Pl

Further decreases in CE became possible witlr the introduction of 

improved processing procedures such as controlled rohing and quenching and 

tempering. These procedures, together with more recent developments such as 

water cooling directly after hot rolling, have played a major role in decreasing 

welding costs and in improving weldment properties, thus contributing 

towards maintaining the dominate position of steel as the world's major 

structural material.M

Just over 20 years ago, it was estimated that, in Britain alone, costs 

amounting to £260 million were annually incurred as a result of manufacturing 

problems directly attributable to welding. At least £40 million of this total arose 

from the need to repair hydrogen-induced cracks and adjacent to welds. 

Although much more is known about how to avoid hydrogen cracking when 

welding conventional steels, new steels and unexpected problems have arisen, 

so that further research and guidance has been needed. The weldability of steel, 

with regard to hydrogen-induced cold cracking, is inversely proportional to 

the hardenabihty of the steel, which measures the ease of

forming martensite during heat treatment. The hardenability of steel đepends 

on its chemical composition, with greater quantities of carbon and 

other alloying elements resulting in a higher hardenability and tlrus a lower
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weldability. In order to be able judge alloys made up of many distinct materials, 

a measure known as the carbon equivalent content (CE) is used to compare the 

relative welđabilities of different alloys by comparing their properties to plain 

carbon steel. bl

1.2 Defining the problem

Hydrogen-induced PA5,6,7] cracking is also referred as cold cracking, 

delayed cracking or underbead cracking. It is a mechanical fracture caused by 

the penetration and diffusion of atomic hydrogen into the internal structure of 

steel, which changes into molecular hydrogen in the internal interface between 

non-metallic inclusion and base material.

The presence of hydrogen in material is a potential source of defects and 

must be detected before it reaches a critical size which can result in severe 

damage and expensive repahs. Cracking may occur in the HAZ or weld metal, 

and it may be longitudinal or hansverse see (Figure l.land Figure 1.2). A cold 

cracking is generally referred to as a spontaneous crack that occurs at 

temperature below 200 °C after solidification is complete in welding. It is likely 

to occur in all ferritic and martensitic steels such as carbon steel, low alloy steel 

and high alloy steel.

Figure l.lHydrogen-induced cracks in low carbon steel.bl
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Figure 1.2Hydrogen cracks originating in the HAZ and weld metal. l6l

Despite that many papers have been vvritten in the last decades exploring 

the influence of different parameters, on properties and microstructure of both 

the HAZ and the weld metal of HSLA steel welded joints in order to avoid cold 

cracks, this phenomenon is still present for welding engineers especially that 

cold cracks had accounted for more than 90% of weld cracks in actual steel 

structures. This crack type study importance has arisen from the following 

notes according to researchers around the world:

• Understanding hydrogen embrittlement is still an issue on a 

global scale. I7! ( FERA 2000)

• At least £40 million arose from the need to repair hyđrogen- 

induced cracks and adjacent to welds. 181 (PHM Hart, Granta 

Park 1999)

• Cold cracks had accounted for more tlran 90% of the weld cracks in 

actual steel structures. P1 (Kunihiko and Shigetomo)

• Presently this phenomenon is not completely understood and 

hydrogen embrittlement detection, in particular, seems to be one of
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the most difficult aspects of the problem. t10! ( R. Capriotti and M. 

Colavita 2000)

• The factors determining the size and the transformed 

microstructure of the coarse-grained HAZ are critical. t11! ( A D 

Batte and A B Rothwell 2012)

• laboratory tests have not always accurately modeled field-welding 

behavior, particularly for modern HSLA steels.( A D Batte and P J 

Boothby 2003)

• It is important to note that the relationships between weld metal 

microstructure, composition and welding conditions are even 

more complex than in the HAZ ( A D Batte and P J Boothby)

• HSLA-65 (ASTM A945) is a new structural steel of interest to the 

Navy shipbuilding community. 04 ( Konkol P.J.; Mathers J.A 2003)

For these reasons the research community has paid attention in improving 

the possibilities of reducing the susceptibility of the steels to this dangerous 

phenomenon by controlling welding parameters, preheating, and applying low 

hydrogen level consumables and welding processes.

Generally speaking, the goal is to maintain the hydrogen levels as lower as 

possible at HAZ and WM by reducing cooling rate (ts/s) which provides an 

opportunity for hydrogen that may be present to diffuse out harmlessly, 

reducing the potential for cold cracking.

However, there is a growing interest around the world in improving 

weldability of high strength low alloy (HSLA) steels. For example (HSLA-65 

(ASTM A945)) is a new structural steel of interest to the Navy shipbuildmg 

community.

Applying friction stir welding single-pass weldments in 6.4 mm plates and 

two-pass weldments in 12.7-mm plates of this HSLA steel were successfully 

made. The weldments exhibited satisfactory transverse weld tensile strength,

5
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duchlity, Charpy V notch toughness, and hardness ( Konkol P.J; Mathers J.A 

2003).

However, the previous factors and more subjects about weldability of 

HSLA steel are presented with more details in the fourth chapter of this 

thesis. In general, the following are the factors which cause cold cracking:

• Hard, brittle martensitic structure

• High carbon equivalent

• No preheat

• Hydrogen trapped in martensite

• Hydrogen diffusion to base metal

• Fast cooling of base metal Low amperage, high speed

• Low weld heat

• Poor joint design and fit-up

• Dirty, greasy, or contaminated surface

However this thesis studies the affect of some of the above factors that 

govern hydrogen induced (cold cracking) e.g. weldability of high-strength low 

alloy (HSLA) NIONIKRAL-70 steel.

1.3 Objective of the thesis

The overall objective of this work is directed towards obtaining a more 

coherent understanding of the effects of welding parameters such as 

(preheating, heat input and electrode strength) on colđ cracking avoidance and 

to better define the key parameters involved in hydrogen induced cracking 

(HIC) in welded joints of HSLA (NIONIKRAL 70) steel.

Beside the theorehcal background this objective intrinsically comprises 

several experiments e.g. Controlled Thermal Severity (CTS) test, Y-Groove test 

and Cabelka-Million test with different welding parameters that shoulđ be done 

to attain the final goal of teshng weldability of the selected steel.
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Taguchi method for design of experiment (DOE) will be adopted to 

analyze the effect of individual welding process parameters on toughness and 

fracture toughness of the welded joints of the selected HSLA steel.

1.4 Methodology used

In brief, the methodology employed goes along as follows: first, the 

reliability of welds cannot be ensured without proper understanding of 

weldability therefore the literature reporting the research on cold cracking 

phenomenon and weldability of HSLA NIONIKRAL 70 steel is reviewed and 

studied in order to lay the theoretical foundations of the thesis; second; the 

experiments will be concerned with different cold cracking susceptibility tests 

such as the Oblique-Y-Groove comparative test, controlled thermal severity 

(CTS) test, and Cabelka-Million test of flux cored arc welding (FCAW) in order 

to investigate this phenomenon in the selected HSLA steel welded joints. 

However the Taguchi approach for DOE will be applied to predict the optimal 

factor "factors" that affect the outcome of the manual metal arc (MMA) welding 

process experiments of NIONIKRAL 70.

The present thesis is organized in seven chapters and a few appendices. 

Some of these chapters are based on developments from former chapters, but in 

general, all of them can be read independently as self-contained entities

Chapter 2 presents a deep revision of the cold cracking phenomenon 

research during the last ten years.

Chapter 3 looks deeply into the funđamentals of HSLA steels.

Chapter 4 presents the weldability and welding rules of HSLA Steels.

Chapter 5 presents weldability testing through several tests of the 

Oblique-Y-Groove comparahve test, CTS test, and Cabelka-Million test. All of 

them are achieved under different welding conditions and the results are

7
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analyzeđ in terms of establishing the best solution for this serious welding 

problem. However chapter 6 presents the evaluation of HSLA NIONIKRAL 70 

steel weldabilty using Taguchi method for design of experiment (DOE).

With respect to the conclusions of the thesis, they are presented in detail at 

the end of each chapter and the most important concepts are summarized in 

Chapter 7, as a conclusion and further future work.
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Chapter 2 Literature Revieiv

2 . Literature Review

As has been previously remarked in Chapter 1, the control of cold 

cracking is not an easy task to carry out without sohd background knowledge 

on the theme. Fortunatelv, this subject has attracted the attention of many 

researchers around the world in the last decades. This chapter summarizes the 

most important developments and results found in the speciahzed research 

hterature on avoidance of cold cracking in the last years.

2.1 Hydrogen-induced cracking in weldments

In OULU (2003) Fsithere was a study about the prevention of weld metal 

hydrogen cracking, weld hydrogen cracking is attributable to three main 

factors:

• Microstructure

• Hydrogen

• Stress

The truth is that the causal factors governing the occurrence of hydrogen- 

induced cold cracking in welded joints of ferritic structural steels are: (i) crack- 

sensitive, hardened microstructure containing martensihc and/or bainitic 

transformahon products, (ii) sufficienhy high, local weld hydrogen 

concentrahon in terms of weld diffusible hydrogen content and (iii) elevated 

stress caused by high structural restraint that is determined by structural 

rigidity, i.e., plate thickness and weld bead height (or weld build-up thickness).

They studied conholling factors that govern transverse hydrogen cracking 

in high-strength multipass weld metal (WM). The experiments were concerned 

with heavy-restraint Y- and U-Groove mulhpass crack tests of shielded-metal 

arc (SMAW) and submerged-arc (SAW) weld metals.

Results of tensile tests, hardness surveys, weld residual shess 

measurements and microstructural inveshgahons are discussed. The analyhcal
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phase comprised numerical calculations for analyzing the interactions between 

crack-controlling factors.

The objectives were: (i) the assessment of WM hydrogen cracking risk by 

defining the Crack-No Crack boundary conditions in terms of 'safe line' 

description giving the desired lower-bormd estimates, and (ii) to derive 

predictive equations capable of giving reliable estimates of the required 

preheat/interpass temperature To/Ti for the avoidance of cracking. However, 

the above study showed that the Hydrogen cracking occurred predominantly in 

high strength weld metals of RPo.2 “ 580-900 MPa. Low stiength WMs of Rp0.2 < 

480 MPa did not exhibit cracking under any conditions examined. Hydrogen 

cracking occurred predominantly in high stiength weld metals of Rpo.2"  580-900 

MPa. At intermediate stiengths of Rpo.2 ~ 500-550 MPa, cracking took place in 

the cases where the holding time from welding to NDT inspection was 

prolonged to 7 days. Low stiength WMs of Rpo.2 < 480 MPa did not exhibit 

cracking under any conditions examined. Cracking occurrence was, above all, 

governed by WM tensile stiength, weld diffusible hydrogen and weld residual 

stiesses amounting to the yield stiength. The appearance of cracking vanished 

when tiansferring from 40 to 6 mm thick welds. The implications of the holding 

time were more significant than anticipated previously. A period of 16 hrs in 

accordance with SFS-EN 1011 appeared much too short for thick multipass 

welds. Interpass time and heat input showed no measurable effect on cracking 

sensitivitv, hence being of secondary importance. Equations were derived to 

assess the weld critical hydrogen content Hcr corresponding to the Crack-No 

Crack conditions as a function of either weld metal Pcm or yield stiength RPo.2 .

2.2 Weldability Contiol

In Stockholm (2004) M^Contiol of weldability was studied and they 

found that, although the overall results indicate that the weld metal 

susceptibility to cold cracking corresponds to the relevant levels of HD, this 

relationship was found to be ambiguous in welds deposited at the shortest
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CTWD of 15 mm, using C02 shielding gas at all welding currents investigated. 

While the amount of diffusible hydrogen was marginally increased from 11.7 to 

12.8 ml/lOOg, resulting from the welding current increase from 280 to 320 A, 

the amount of cold cracking at room temperature was significantly decreased 

from 89 to 25 %RTC (room temperature crack). This is explained by a significant 

difference in the cross section of the weld beads, suggesting a need to more 

closely evaluate the G-BOP testing, particularly examining the effects of weld 

bead profiles on the weld susceptibility to HACC.

Preheat was found to decrease the amount of cold cracking in the H10 

welds and it was concluded that preheat significantly reduces the main 

contributor to decrease the HD in the weld metal. Although the cracking 

susceptibiHty of welds using 75Ar-25C02 shielding gas decreased more slowly 

with an increasing preheat temperature, compare to those deposited using C02, 

no cracking was observed at 120 °C in welds under both shielding gases. This 

indicates that the same welding consumable (H10) deposited using different 

shielding gases can result in a different response to preheat temperature. Based 

on the results of this work, a number of changes are proposed to hydrogen 

testing standards AS 3752-1996 and ISO 3690-2000, particularly with respect to 

the effects of CTWD and shielding gases on levels of diffusible hydrogen in 

weld metal deposited using gas shielded rutile flux-cored wire.

2.2.1 Effect of weld microstructure on cold cracking susceptibility

Korea Institute of Industrial Technology, published a study in (2008) 1151 

titled as microstructural parameter controlling weld metal cold cracking. It was 

aimed to identify and evaluate the effect of weld microstructure on cold 

cracking susceptibility of FCAW weld metals, and then to give a basic guideline 

for designing new welding consumables from the microstructural point of 

view.

1 1



/



Chapter 2 Literature Revieiv

In order to figure out the parameter(s) that can quantify the 

microstructural susceptibility of multi-pass weld deposit, two sets of FCAW 

deposits having tensile strength of about 600MPa were prepared by controlling 

the Ni content to allow a sufficient variation in weld microstructure but with 

httle change in weld metal strength. Colđ crack susceptibility of those two 

chemistries was evaluated by 'multi-pass weld metal cracking tesF at various 

levels of diffusible hydrogen content.

All of the cold cracks developed were Chevron-type cracks and the 

occurrence of such cracks was depending on the proportion of grain boundary 

ferrite as well as the diffusible hydrogen content. In fact, at the same level of 

diffusible hydrogen, 1.5%Ni wire showed better resistance to cold cracking than 

the 0%Ni even though that was higher in strength and carbon equivalent. This 

result could be explained by the difference in grain boundary ferrite content 

between those two welds based on the microstructural characteristics of 

Chevron cracking that preferentially propagates along grain boundary ferrite.

In addition to hydrogen control approach, microstructural modification 

in a way to reduce the proportion of grain boundary ferrite can be pursued for 

developing welding consumables with improved resistance to cold cracking.

In a very recent study done in Turkey (2010) 06J where have been clearly 

demonstrated that LTT welding consumables produces fully martensitic 

structure or martensitic structure containing some retained beta. Resiđual 

tensile stresses are lowered or compressive residual stresses are generated 

within the weld region due to martensitic expansion when the transformation 

takes place at lower temperatures. Thus, weld properties such as fatigue 

strength and cold cracking resistance are increased without any costly post- 

weld treatment.

In Poland (2006) Od a research showed that shielded metal arc welded 

(SMAW) joint is more susceptible than base metal. Differences in resistance to 

hydrogen delayed cracking could be explained by variations of microstructure
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present in steel and welded joints. The various microstructures, resulting in 

different mechanical properhes (strength, hardness), and different susceptibility 

to hydrogen degrađation.

In Dillingen-Germany (2002) 081 A low carbon TMCP steel with minimum 

yield strength of 500 MPa was developed in two plate thickness, 30 mm and 70 

mm (for off sure constructions). The chemical compositions were optimized 

relative to each thickness. The 70 mm plate contained some molybdenum but 

bad 0.02 % lower carbon content. Tensile properties were exactly hitting the 

target, yield to tensile ratios were below 0.90 thereby assuring appropriate work 

hardening an excellent tougliness was obtained the S500 test plates were 

suitable for high amounts of cold deformation the steel is suitable for PWHT. 

Both steel types have proven excellent weldability, in particular:

• Very low HAZ hardenability

• Little cold cracking susceptibility allowing welding 

without preheat

• High HAZ toughness through the complete rangeof usual welding 

beat inputs

• No need for PWHT to achieve appropriate brittle fracture 

resistance

Another study of the effect of shielđing gas mixture on gas metal arc 

welding of HSLA steel using solid and flux-cored wires was published in 

London (2005) P9!. The above study showed that the microstructural 

constituents such as AF, GF and FS in HSLA weld metals are influenced by the 

oxygen and carbon dioxide content in the shielding gas. In the case of solid wire 

welds, both YS and UTS increased with increasing oxygen content (up to 4%) in 

the shielding gas. Further increase in oxygen content resulted in reduction in 

UTS and % elongation of the weld metal. In the case of flux-cored wire, both YS 

and UTS decreased with increasing oxygen content (up to 4%) in the shielding
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gas without altering % elongation. Gas metal arc welding can achieve 

acceptable weld metal properties in HSLA steel with the proper combination of 

filler wire and shielđing gas composition.

2.2.2 Effect of welding parameters and preheating on cold cracking

A study about the weld cracking susceptibility of High Hardness 

Armoursteel (S.J. Alkemade) P°1 showed that the 10 mm thick, Bisalloy 500 steel 

plate can be readily welded by the pulsed- GMAW process using the three 

electrodes trialed in this work, if precautions are taken to limit potential 

hydrogen sources and appropriate levels of heat input and preheat are used. 

However, it is recommended that either of the austenitic consumables 

examined in this work should be used in preference to the ferritic consumable 

due to their greater resistance to hydrogen induced cracking. Based on this 

work and the Bisalloy Steels handbook it is recommended that heat input levels 

should be 1.0 - 2.5 kj/mm and the preheat should be 50 -  75 °C. These limits are 

considered to be reasonably conservative and should allow for welding in 

workshop conditions. Significant softening is caused by welding these steels, 

especially in the fusion zones when using undermatched electrodes such as 

those utilized in this work.

The greatest hardness reduction was measured in the austenitic stainless 

steel fusion zone where the hardness measured was as low as 31 %  of that of the 

original plate. With the other electrodes used, the reduction in hardness was 

less severe.

The minimum hardness of the ferritic fusion zones ranged from 42% to 

49% of the original plate hardness, đepending on the level of heat input and 

preheat used. The hardness of the duplex stainless steel fusion zone approached 

the lower hardness level of the ferritic fusion zones.
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Last years in Japant21] there was a study about determination of necessary 

preheat temperature to avoid cold cracking under varying ambient temperature 

. The experimental results of y-groove weld cracking tests of that study were 

compared with the prediction methods of minimum preheat temperatures to 

avoid cold cracking in the heat affected zones, which include the BS-5135, the 

AWSD1.1, the JSSC procedure and the CEN chart method. The effects of steel 

chemical compositions, plate thicknesses, diffusible hydrogen contents and 

ambient temperatures on cold cracking susceptibility were investigated in that 

study.

The CEN chart method can predict minimum preheat temperatures rnost 

precisely as long as homogeneous preheating is conđucted and the ambient 

temperature is 20°C. When local preheating is conducted, cooling time down to 

100°C (tlOO) must be used. The minimum preheat temperature for local 

preheating was selected so that tlOO of local preheating is equal to or longer 

than that of the minimum preheat temperature for homogeneous preheating. 

Ambient temperatures greatly affect cold cracking susceptibility more than 

expected from its effect on tlOO. As ambient temperature becomes lower, 

minimum preheat temperature to avoid cold cracking becomes higher. 

However, all the previous prediction methods cannot estimate this effect. In the 

above stuđv, the effects of ambient temperatures on necessary preheat 

temperatures were converted into CEN increments, which were determined 

from the experimental results. Using these CEN increments, the CEN chart 

method can estimate the effect of ambient temperature.

Fukuhisa Matsuda,Hiroji Nakagawa, Kenji Shinozaki f22lwhile studying in 

order to reveal the criterion under which cold cracking in root pass welding 

occurs alternatively in HAZ or weld metal and hardness of HAZ concluded 

that there is definite upper limit temperature of cold cracking. The upper limit 

temperature was about 170°C in HY130 weldment and about 300 °C to 250 °C m 

HT60 weldment.
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Tadashi Kasuya Nobutaka Yurioka, Makoto Okumurat23] vvhile comparing 

the results of y-groove weld cracking tests with the prediction methods of 

minimum preheat temperatures to avoid cold cracking in the heat affected 

zones, which include the BS-5135, the AVVSDl.l and CEN chart method 

concluded that ambient temperatures greatly affect cold cracking susceptibility 

more than expected from its effect on ti00, also as ambient temperature becomes 

lower, minimmn preheat temperature to avoid cold cracking becomes higher. . 

Also the Tcr, of the steel when it was preheated by a gas burner, was higher than 

150 °C, while its Tcr under homogenous preheating was 125 °C.

Raimundo Carlos Silverio Freire Junior, Theophilo MouraMacieb24] while 

evaluating of cold crack susceptibility on HSLA steel welded joints they 

concluded that the effect of the preheating temperature on the microstructure 

depended on the specific weld joint/base metal combination, either decreasing 

or maintain the contents of acicular ferrite, The results indicated the presence of 

cracks in the welded metals with the combination of increased hardness 230 HV 

and the formation of high contents of acicular ferrite (above 93 %) in the welds 

without preheating. Higher crack susceptibility was also observed in the 

thickest welded metal plates.

Kunihiko Satoh, Shigetomo Matsui, KohsukeHorikawah] while the JSSC 

study group studying how to select reasonable preheating conditions for 

prevention of weld cracks as a result, cold cracks had accounted for more than 

90% of the weld cracks in actual steel structures.

M. D. Rowe, T. W. Nelson, J. C. LippoldP5] while investigating the 

susceptibility of dissimilar austenitic/ferritic combinations to hydrogen- 

induced cracking they emphasized that cracking was always associated with 

hard, martensitic regions adjacent to the fusion boundary, therefore, 

minimizing the compositional regime within which martensite can form will 

reduce susceptibility.
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Jose Hilton Ferreira da Silva, Hipolito CarvajalFalst26! while evaluating of 

a proposal for a gapped bead-on-plate (G-BOP) test, used for study of hydrogen 

cracks in relatively thin sheets of welded steel, concluded that preheating the 

API X80 steel to 100°C has a positive influence on the susceptibility to cracking 

of weld metals, avoiding the formation of hydrogen induced cracks.

Yoni AdonviP7! while comparing weldability of the traditional steels with 

480 and 689 MPa yield strength and high performance steels (A 709 Grade 485 

HPS and Grade 785 HPS 100W), concluded that HPS steels needed preheat 

temperatures by about 38-79 °C lower than presently specified for the 

conventional steels to avoid heat affected zone cracking for up to 50.8 mm in 

thickness.

Richard E. Srnith, David W. Gandy P8J while investigating ambient 

temperature preheat for machine GTAW temperbead applications, concluded 

that no preheat temperature or post-weld bake above ambient is required to 

achieve sound machine GTAW temperbead repairs that have high toughness 

and ductility. This conclusion is based on the fact that the GTAW process is an 

inherently low hydrogen process regardless of the welding environment.

2.2.3 Effect of diffusible hydrogen level on cold cracking

Jae Hak Kim, JunSeokSeoP9J while studying the effect of weld metal 

microstructures on cold crack susceptibility of FCAW weld metal concluded 

that the 1.5 %Ni wire showed substantially better resistance to HICC than 0 

%Ni.

D. D. Harwig, D. P. Longenecker, J. H. Cruz P°J while investigating the 

effects of welding parameters and electrode atmospheric exposure on the 

diffusible hydrogen content of Gas Shielded Flux Cored Arc Welds, concluded 

that weld diffusible hydrogen content was found to increase almost linearly as 

the weld current increased for the E71T-1 electrode. Welds made witlr basic
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(E71T-5) and metal cored electrodes appear to be more resistant to increased 

điffusible hydrogen contents after atmospheric exposure of the electrodes.

PargeterPh while studying evaluation of necessary delay before inspection 

for hydrogen cracks concluded that the behavior of the HY100 welds, which 

showed only very small differences in delayed cracking behavior between high 

and low hydrogen levels and between high and low restraint, indicate that 

these factors are indeed of httle significance.

B. Swieczko-Zurek, S. Sobieszczvk, J. CwiekP2l while studying the 

evaluation of susceptibility of high strength steels to hydrogen delayed 

cracking, concluded tliat two constructional middle carbon steel 26H2MF and 

34HNM tested in used mineral engine oil at 80°C are not susceptible to 

hydrogen delayed cracking since hydrogen concentration was below critical 

value in this case.

G. Magudeeswaran, V. Balasubramanian and G. Madhusuđhan Reddy P3I 

while investigating cold cracking of Flux Cored Arc welded armour grade high 

strength steel weldments, concluded that The presence of widely spaced delta 

ferrite in a large plain austenitic matrix, lower diffusible hydrogen level, lower 

weld metal strength, lower fusion boundary and HAZ hardness, softergrain 

boundary phase, and lower residual stress are the factors that contribute for the 

greater resistance of FA welds against cold cracking compared with FF joints.

M. Anis, DeniFerdianP4] while analyzing failure of 4 elbow pipe weld 

crack concluded that during welding process of the elbow, the source of 

hydrogen such water, oils, greases, and rust that containing hydrates must be 

eliminated.

J. W. Martin, J. Kittel T. Cassagne and C. Bosch t35i while studying 

hydrogen induced cracking (HIC) - laboratory testing assessment of low alloy 

steel line pipe, concluded that when the diffusible hydrogen concentration was 

below 0.5ppm, no HIC was formd for the five steel types. Above lppm 

diffusible hydrogen, all steel types exhibit significant HIC.
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2.3 Conclusion

• The study of the different previous work in this field reviews that 

preheating is necessary in welding some steel types to avoid cold 

cracking but it is also possible to weld without preheating in some 

other cases. According to the researchers results cold cracks had 

the higher percentage of the weld cracks in actual steel structures 

and the higher crack susceptibility was observed in the thickest 

welded metal plates. Some researchers concluded that the 

susceptibility toward cold cracking can be eliminated by using low 

hydrogen welding process and consumables.

• Moreover researchers observed that cracking was always 

associated with hard, martensitic regions adjacent to the fusion 

boundary. However other researchers emphasized that lower 

diffusible hydrogen level, lower weld metal strength, lower fusion 

boundary and HAZ hardness are quite important factors to 

prevent cold cracks. Some researches indicated that the presence of 

cracks in the welded metals with the combination of increased 

hardness 230 HV and the formation of high contents of acicular 

ferrite (above 93 %). In conclusion it is clear that resistance to cold 

cracking has generally improved in many different high strength 

steel types and the steps needed to avoid cold cracking through 

control of the welding parameters are well established.

• In brief, this chapter reviews the conceptual/ theoretical dimension 

and the methodological dimension of the literature in cold cracking 

avoidance and discovers research questions or hypotheses that are 

worth researching in later chapters.
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3. Fundamentals of HSLA Steel

3.1 Definition of High Strength Steels

The traditionaH36' 371 route to high strength in steels is by quenching to 

form martensite that is subsequently reheated or tempered, at an intermediate 

temperature, increasing the toughness of the steel without too great a loss in 

strength. The ability of steel to form martensite on quenching is referred to as 

the hardenability. Therefore, for the optimtun development of strength, steel 

must be first fully converted to martensite. To achieve this, the steel must be 

quenched at a rate sufficientfy rapid to avoiđ the decomposition of austenite 

during cooling to such products as ferrite, pearlite and bainite. P6]

Industry, particularly in the transport sector, is constantly aiming to 

reduce weight, increase performance and safety and rationalize production 

methods. The use of high strength steels with good formability and weldability 

is increasingly seen as one important way in which these aims can be met. 

Quenched and tempered steels with yield strength levels up to 1100 MPa and 

hot rolled cold forming steels with yield strength levels up to 740 MPa are 

successfully used in cranes, trucks, dumpers, temporary bridges and similar 

products. For automotive applications rephosphorized, micro-alloyed and dual- 

phase cold rolled grades with tensile strengths of up to 1400 MPa and metalized 

grades with tensile strengths of up to 600 MPa have been introduced. On the 

basis of yield strength new types of high strength steels give a great potential 

for weight reduction and cost effective designs. To exploit the full potential of 

high strength steels the design philosophy and production techniques must 

take into account factors such as formability, weldability, stiffness, buckling, 

crush resistance and fatigue- 137J
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3.2 Hardenability

There can be confusion [41'42lover what is meant 

hardenability and hardness. Hardenability is a steel property which describes 

the depth to which the steel may be hardened during quenching. It is 

important to note that hardenability is a material property, dependent on 

chemical composition and grain size, but independent of the quenchant or 

quenching system (cooling rate). However, the structures obtained across a 

quenched section are a function of both hardenability and the quenching 

process (severity of quench).

However hardness is a measure of the resistance of a material to plastic 

deformation. This depends on the carbon content and microstructure of tlre 

steel. Hence the same steel can exhibit different hardness values depending 

upon its microstructure, which itself may depend on how the sample was 

quenched, etc. P81

Starting in the 1930 with the development of hardenability concepts, a 

mrmber of investigators have demonstrated that the hardness of as-quenched 

martensite increases in a relatively linear fashion from about 0.05 to 0.5 wt% 

carbon. Figure 3.1 shows data from a number of investigators. Note that when 

the carbon content of the austeniteis >0.8%, the as quenched hardness drops. 

This is due to the presence of retained austenite which is much softer than plate 

martensite. P,91

3.3 Hardening Mechanisms t5l

The strength of steel is affected by the typical strengthening mechanisms- 

namely, grain refinement, solid-solution hardening, and precipitation 

hardening. Of these various strengthening mechanisms, the refinement of grain 

size is perhaps the most unique because it is the only strengthening mechanism 

that also increases toughness. However Figure 3.2 shows the relationship 

between grain size and yield strength in C-Mn steels.
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Figure3. lSummary of extensive as-quenched hardness data from the literature for Fe-
C alloys and steels by Krauss.P9!

3.3.1 Microalloyed steels I51

Microalloying is the use of small amounts of elements such as vanadium 

and columbium. Because the degree of ferritic grain refinement possible in as- 

rolled microalloyed bar steels is somewhat limited, and because substructural 

sbengthening is not possible, alternative stiengthening mechanisms must be 

used to reach yield stiength levels comparable to those of plate grades. For 

example; in the alloy design of microalloyed bar steels, precipitation and 

pearlite stiengthening must be relied on to a greater extent than in the design of 

plates. In view of the limited solubility of columbium and titanium at the reheat 

temperatures used in bar processing, vanadium is usually used to obtain the 

required level of precipitation stiengthening in HSLA bar građes.
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Figure3. 2Relation between lower yield strength and the inverse square root of the
grain diameterJ40!

Precipitation of V(C, N) during or after transformation can provide 

significant strengthening increments. In this regard, nitrogen level is also of 

importance. Judicious selection of both the vanadium and nitrogen level is 

required to produce the desired level of precipitation strengthening.

3.3.2 Thermomechanical Treatment (Rolling)

Typically l5' 41- 42l, the initial rolling passes are conducted at relatively 

high temperatures, just below the slab-reheating temperature. At these 

temperatures, each deformation step is usually followed by rapid 

recrystallization and grain growth. Recently, a thermomechanical processing 

procedure called recrystallization controlled rolling has been proposed. It 

combines repeated deformation and recrystallization steps with the addition of 

austenite grain-growth inhibitors such as titanium nitride to refine the starting 

austenitic grain size and to restrict growth after recrystallization. Such 

processing would obviate the need for low-temperature controlled rolling. 

However, even with optimal compositions and the adophon of rather difficult 

reduction schedules, there seems to be a limit to the degree of austenitic 

refinement that can be achieved by repeated recrystallization, the finest
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recrystallized austenitic grain sizes produced by this process are about 15 pm. 

depending on the subsequent cooling rate, transformation can then result in a 

ferritic grain size of 6 to 8 gm. This is a useful degree of structural refinement 

and is appropriate in those cases where controlled rolling is not possible. P1

Finer grain sizes can be attained through the use of additional 

microalloying elements along with a controlled-rolling sequence in which 

austenite recrystallization is substantially retarded during the later rolling 

passes. This process develops pancaked grain morphology and a much higher 

surface area per unit volume than are possible in recrystallized austenite. 

During this process, the austenite recrystallization and carbonitride 

precipitation reactions are coupled in the sense that each is greatly influenced 

by the other. t5l

However as shown in Figure 3.3 in the seventies, the hot rolling and 

normalizing was replaced by thermo-mechanical rolling. The latter process 

enables materials up to X70 to be produced from steels that are microalloyed 

with niobium and vanadium and have reduced carbon content. By this method, 

it has become possible to produce higher strength materials like X80, having a 

further reduced carbon content and excellent field weldabihty. Additions of 

molvbdenum, copper and nickel enable the strength level to be raised to that of 

grade X100, when the steel is processeđ to plate by thermo-mechanical rolling 

plus modified accelerated cooling. 00
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Figure3. 3History in Line Pipe Steels (Large Diameter Pipe) Fi] 

Transformation to ferrite

The transformation of the austenite structure into ferritic microstructures 

determines the final grain size and associated mechanical properties of the 

microalloyed plate. The effects of austenitic morphology and the transformation 

temperature range (as governed by alloy content, rolling deformation, and 

cooling rate) are of the greatest importance.

Even after the minimum austenitic grain thickness has been produced, the 

temperature range of the austenite-to-ferrite transformation must be controlled 

to determine the reaction kinetics. Increasing the ferritic growth rate can 

produce a finer ferritic grain size. These effects are generally achieved by 

alloying or controlled cooling. P1

Consequently, recrystalliztion controlled rolling becomes quite important 

in bar rolling, and the rolling strategy must be designed to produce the finest 

possible recrystallized austenitic grain size. Figure 3.4 shows the influence of 

accelerated cooling on the microstructure of low-carbon microalloyed steel 

products during controlled rolling. Subsequent control of the austenite-to- 

ferrite transformation range is still important to maximize ferritic grain 

refinement. Nevertheless, the ferritic grain size that can be produced on
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transformation from a recrystallized austenite is limited compared with the 

grain size that can be produced on transformation from austenitic grains that 

have been flattened by rolling below the recrystallization temperature. Thus, 

while moderate grain refinement can be achieved in an as-rolled microalloyed 

bar, this grain size will be somewhat coarser than grain size of controlled-rolled 

HSLA plates. P1

However at the end of last century the ISP (Inline Strip Production) line 

was developed in ATA Averđi steel plant in Italy with production capacity of 

5.105 tons/year. This line (Figure 3.5) consists of the continuous casting 

machine for concast slabs 60 mm thick with the burnishing mill stand for 

squashing the slab with the liquid core to 43 mm, roughing train, furnace for 

inductive heating of the strand, Cremon-type furnace with the strand coiler and 

decoiler, ensuring maintaining the correct feedstock temperature, mill scale 

breaker, finishing tiain, laminar flow cooling, and a coiler for the finished 

productl42!

Figure3. 4Schematic diagram of the influence of accelerated cooling on the 
microstructure of low-carbon microalloyed steel products during controlled rolling.I42!
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Figure3. 5Schematic diagram of an integrated production line of rolled plates in the ISP 
(In-line Strip Production) process. The steel sheets rolled by this line may be up to 1

mm thick). 'm

3.3.3 Processing methods of HSLA Steels I51

High strength low alloy steels are primarily hot rolled into the usual 

wrought product forms (sheet, strip, bar, plate and structural sections) and are 

commonly furnished in the as-rolled condition. However, the production of 

hot-rolled HSLA products may also involve special hot-mill processing that 

further improves the mechanical properties of some HSLA steels anđ product 

forms. These processing methods include:

• The controlled rolling of precipitation strengthened HSLA steels to 

obtain fine austenite grains and/or highly deformed (pancaked) 

austenite grains. During cooling, these austenite grains transform 

into fine ferrite grains that greatly enhance toughness while 

improving yield strength. A good example of the benefits of 

thermomechanical processing regarding mechanical properties is 

illustrated in Figure3.6 which shows schematically the strength- 

toughness balance in line pipe steel.

• The accelerated cooling of, preferably, controlled rolled HSLA 

steels to produce fine ferrite grains during the transformation of 

austenite. These cooling rates cannot be rapid enough to form 

acicular ferrite, nor can they be slow enough that high cooling 

temperature result thereby causing tlre over aging precipitates.
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Figure 3.7 illustrates the effect of the accelerated cooling on the 

grain size, where the faster cooling gives the finer grain size.

• The iritercritical annealing of HSLA steels to obtain a dual phase 

microstructure (martensite islands dispersed in a ferrite matrix). 

This microstructure exhibits lower yield strength but, provides a 

better combination of ductility and tensile strength than 

conventional HSLA steels and also improved formability. HSLA 

steels are also furnished as cold-rolled sheet and forgings. The 

main advantage of HSLA forgings (as that of as hot rolled HSLA 

products) is that yield strengths in the range of 275 to 485 MPa or 

perhaps higher can be achieved without heat treatment. Base 

compositions of these microalloyed ferrite-pearlite forgings are 

typically 0.3 to 0.5% C and 1.4 to 1.6% Mn. Low-carbon bainitic 

HSLA steel forgings have also been developed.
90
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Figure3. 6Effect of microstructure and production process on the mechanical properties
of line pipe steels.
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Controlled cooling and grain size
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Figure3. 7Controlled cooling and grain size. t43t

3.4 Chemical Composition and Properties of HSLA Steels t44!

High strength low alloyed (HSLA) steel specifies a group of steels that 

contain a low content of carbon and have many more benefits than 

conventional carbon steels. Generallv, it is much higher in strength, along with 

improved toughness, ductiHty, weldabi]ity, formabilitv, and ađditional 

resistance to atmospheric corrosion. Due to these excellent properties, HSLA 

steels are widely used as structure materials for automobiles, bridges, oil 

storage and structure which are designed to carry high stress.

HSLA steel usually contains a much lower content of carbon than regular 

carbon steels, typicaHy below 0.15%. It is often referred to microalloyed steel 

since its excellent properties usuaHy come from various aHoying elements in 

extremely small amounts compared to conventional steels. Besiđes carbon, 

manganese and silicon, over ten kinds of other elements, such as chromium, 

nickel, niobium, boron, molybdenum, Htanium and copper, can be added to 

steels to achieve extra strength through various strengthening mechanisms.
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3.4.1 Multivariate Interaction in HSLA Steel I44]

When alloying elements are added into the steel, their interactions with 

iron and carbon result in various strengthening effects. Solved in iron lattice as 

substitutional or interstitial 4 atoms, they strengthen the steel by solid-solution 

hardening. Combining with carbon to from various fine and disperse carbide 

precipitates, alloying elements strengthen the steel by precipitation hardening. 

Complex interactions also exist between alloying elements. For example, 

adding one element may influence the diffusion of existing elements and 

therefore influence the precipitation or segregation of existing elements. Several 

elements combine together to form carbide compound and then enhance the 

precipitation. HSLA steels are typically strengthened by precipitation 

strengthening, grain refinement, and, to a less extent, solid-solution 

strengthening due to the small amounts of alloying elements. All of these 

strengthening effects are sensitive to the processing environment, such as 

temperature, time, deformation extent and cooling rate. For example, 

temperature controls the solubihty and diffusions of microalloying elements, 

and therefore greatly influences the formation of precipitates. Since grain 

growth is a thermal activated process, the grain size is strongly dependent on 

the both temperature and time during steel processing.

The challenge to design HSLA is to systematically understand the 

complex composition-processing-property relationship. Not only does each 

element strengthen steel through more than one mechanism, but sometimes 

two or three elements can combine together to influence the strength. In 

addition, the realization of strengthening effects of these elements strongly 

rehes on the processing conditions. Coupled effects and intensive interaction of 

alloying elements and processing routes make metallurgy of HSLA steel very 

complicated to understand. Microalloyed steel metallurgy is a typical 

multidimensional problem, as shown in Figure 3.8.

30





Chapter 3 Fundamentals ofHSLA Steel

Material specifications for most HSLA steels that are used in the as-rolled 

or normahzed condition are provided by American Society for Testing and 

Materials (ASTM). For example Table 3.11ists a number of ASTM specifications 

covering structural-quality HSLA steels with their alloying elements. ASTM, 

ASI, AJPI, and MIL specifications cover chemical compositions and additional 

testing and procedures relevant to each application.

g t h

Figure3. 8 Multidimensional nature of microalloyed steel metallurgy.Various 
composition and processing parameters have complex interactions and đifferent 

contributions to the final mechanical property. M

A  user for special or critical applications may order supplementary 

testing. P1 However the selected high strength low alloy steel that will be tested 

in this work and its specification will be described in the fifth chapter.
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Table 3.1Compositional limits for HSLA steel grades described in ASTM specifications
properties. P1

Hcat cum pitatiooai lirult'. % (b)
ASTM
vpccificatlooia

Typc or 
gradc dcdtmatioD c Mn P s S1 C r N1 Co V Othcr

A 2 4 2 Type 1 K 1 I 5 1 0 0 .1 5 1 .00 0 .4 5 0 .0 5 0 .2 0  m in

A 5 7 2 G rad c 42 0 .21 I 3 5 (c ) 0 .0 4 0 .0 5 0 .30< c) 0 .2 0  m in(d) (e )

G rad c 50 0 .2 3 1 .3 5 (c ) 0 .0 4 0 .0 5 0 .3 0 ( c ) 0 .2 0  m in(d) (e )

G rad e 60 0 .2 6 1 .35 (c) 0 .0 4 0 .0 5 0 J 0 0 J 0  m in(d ) ( c )

G rad c 65 0 J2 3 (c ) 1 .6 5 (c ) 0 .0 4 0 .0 5 0 J 0 0 .2 0  m in(d ) (e )

A 5 8 8 G ra d cA K 11430 0 .1 0 - 0 .1 9 0 . 9 0 - IJ25 0 .0 4 0 .0 5 0 .1 5 - 0 .3 0 0 .4 0 - 0 .6 5 0 2 5 - 0 .4 0 0 .0 2 - 0 .1 0

G rad c B K 12043 0 .2 0 0 . 7 5 - 1 J 5 0 .0 4 0 .0 5 0 .1 5 - 0 .3 0 0 .4 0 - 0 .7 0 0 / 2 5 - 0 3 0 0 .2 0 - 0 .4 0 0 .0 1 - 0 .1 0

G r a d e C K 1 1538 0 .1 5 0 .8 0 - 1 3 5 0 .0 4 0 .0 5 0 .1 5 - 0 .3 0 0 .3 0 - 0 3 0 0 .2 5 - 0 3 0 0 .2 0 - 0 3 0 0 .0 1 - 0 .1 0

G ra d e D K 11552 0  1 0 -0 .2 0 0 .7 5 - 1  J 5 0 .0 4 0 .0 5 0 .5 0 - 0 .9 0 0 3 0 - 0 .9 0 0 .3 0 0 .0 4  N b, 0 .0 5 - 0 .1 5  Z r

G r a d e K 0 .1 7 0 5 - 1 J 0 0 .0 4 0 .0 5 0 .2 5 - 0 .5 0 0 .4 0 - 0 .7 0 0 .4 0 0 J O - O 5 0 0 .1 0  M o . 0 .0 0 5 - 0 .0 5  N b

A 6 0 6 0 .2 2 1.25 0 .0 5

A 6 0 7 G rad e 45 0 .2 2 1 J 5 0 .0 4 0 .0 5 0 2 0  m tn(d) (e )

G rad c 5 0 0 .2 3 1.35 0 .0 4 0 .0 5 0 2 0  m in(d) <e)

G rad e 55 0 .2 5 1.35 0 .0 4 0 .0 5 0 2 0  m in(d l (e )

Grade 6 0 0 .2 6 1 J 0 0 .0 4 0 .0 5 0 2 0  m in(d ) (e )

G rad e 65 0 .2 6 1 J 0 0 .0 4 0 .0 5 <e)

G rad c 70 0 .2 6 1 .65 0 .0 4 0 .0 5 0 2 0  m in(d ) <c)

A  6 1 8 Grade la 0 .1 5 1 .00 0 .1 5 0 .0 5 0 2 0  m in

G r a d e lb 0 .2 0 1.35 0 .0 4 0 .0 5 0 2 0  m in (f)

G rad e 11 K 1 2 6 0 9 0 .2 2 0 .8 5 - 1 .2 5 0 .0 4 0 .0 5 0 J 0 0 .0 2  tnin

G rad e IU K 1 2 7 0 0 0 .2 3 1.35 0 .0 4 0 .0 5 0 J 0 0 .0 2  m m 0 .0 0 5  N b m in tg )

A 6 3 3 G rad e A K 0 1 8 0 2 0 .1 8 1 .0 0 -1  J 5 0 .0 4 0 .0 5 0 .1 5 - 0 .3 0 0 .0 5  N b

G rad e C K 12000 0 .2 0 1 .1 5 - 1 .5 0 0 .0 4 0 .0 5 0 .1 5 - 0 .5 0 0 .0 1 - 0 .0 5  N b

G rad e D K 0 2 0 0 3 0 .2 0 0 .7 0 - 1 .6 0 ( c ) 0 .0 4 0 .0 5 0 .1 5 - 0 .5 0 0 .2 5 0 J 5 0 J 5 0 .0 8  M o

G rad c E K 1 2 2 0 2 0 .2 2 1 .1 5 - 1 3 0 0 .0 4 0 .0 5 0 .1 5 - 0 .5 0 0 .0 4 - 0 .1 1 0 .0 1 - 0 .0 5  NWđ>.
0 .0 1 - 0 .0 3  N

(cortrm ictr)

(a) Fbr cloraclcrislics and intcnded oses. »ee Tabtc 2. (b) If  a Mncte vaioc e  shovi-n. tl b  a tnaiimam antcss othcr»ise statcd. (c) Valnts m aj vary. or mmimum valuc may cxist. JcpcrviiiSL- :-n producl sj/r ond miti fttrm. td: Opuona) or »-bcn sfax 
ified (c) May bc porchascd as typc 1 <0 005-0.03 Kh). typc 2 (0 .01-0.15 V |_ typc3 (0.05 Sfi. m a .  plus 0 .02-0 .15  V )o r  typc 4 (0.015 N. nu.1. ptus V ?  4N). (f) l f  chroorium aod ssUcon arc each 030 5 t min. Ihc copper rraramcm dtws nrt appi) 
Ig) Ma> bc substitutcd lor all or p a n c f  V. (h) Kiobium plus vatuditun. 0 .02  to 0 .1 5 5 . (i) Nhrogco with vanadium contcnt o f  0.015*1 i nus) » ith  » ramimum vioadiam -toaitroscn n a c o f  4:1. (J) ’A'hco stlicoo-kilkd sttei ts sgcciScd (k i F t t  
ptaic undcr 40 rom ( U  io.). manpancse cootcnts arc0.70 to 135*5 or op to 1.605 if carboa cquhalcnts do oot ercced  0.47**. Fdr plalc thickcr tftm 40 n m ( l  !o 5 in.i. ASTM  A M l spccifios m jn jaocsc comcnts o f 1.00 to 1 .605 .

3.5 Advanced High Strength Steels

The future's prospect l5' 45' 461 of advanced high strength steels is bright 

though the present application is still limited. AHSS, which is strengthened by 

microstructure change during phase transformation, includes the following 

varieties:

- Dual phase steel (DP)

The microstructure of DP steel consists of a soft ferrite matrix and 

discreet hard martensitic islands, as shown in Figure 3.9. The ferrite is 

continuous for many grades up to DP780, but as volume fractions of martensite 

exceed 50 percent (as might be found in DP 980 or higher strengths), the ferrite 

may become discontinuous. The combination of hard and soft phases results in 

an excellent strength-ductility balance, with strength mcreasing with increasmg 

amount of martensite. DP steels can be hot-or cold-formed and also have high 

bake hardening behavior. If hot-rolled, cooling is carefully controlleđ to 

produce the ferritic-martensitic structure from austenite. If continuously 

annealed or hot-dipped, the final structure is produced from a đual phase
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ferritic-austenitic structure that is rapidly cooled to transform some of the 

austenite to martensite.

Ferrite

Figure3. 9DP microstructure schematic I45l

The soft ferrite in the final DP material is exceptionally đuctile and 

absorbs strain around the martensitic islands, enabling uniform elongation with 

high work hardening rate and fatigue strength. Adđitionally, DP steels can 

absorb a lot of strain energy. Unlike conventional steels (even the traditional BH 

steels), bake hardening does not decrease with increasing pre-strain for DP 

steels.

DP is currently one of the most widely used AHSS. Automakers are 

increasingly employing DP to increase strength and down gauge HSLA 

structural components. Important to consider when designing with DP, as with 

other AHSS, is the effect of strain and bake hardening. DP steels may be 

developed with low to high yield strength (YS) to ultimate tensile strength 

(UTS) ratios, allowing for a broad range of apphcations from crumple zone to 

body structure. DP is sometimes selected for visible body parts and closures, 

such as doors, hoods, front and rear rails. Other popular applications include: 

beams and cross members; rocker, sill, and pillar reinforcements; cowl imrer 

and outer; crush cans; shock towers, fasteners, and wheels.
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DP is increasingly used by automakers in current car models. For 

example, in the 2011 Chevrolet Volt, the overall upper body structure is six 

percent DP by mass, and the lower structure is 15 percent, including such parts 

as tlre reinforcement for the rocker outer panel.

- TRIP steel

Like CP grades, TRIP benefits from a multi-phase microstructure with a 

soft ferrite matrix embedded with hard phases. The matrix contains a high 

amoimt of retained austenite (at least 5 percent), plus some martensite and 

bainite, as shown in the schemahc of Figure 3.10. TRIP has a high carbon 

content to stabilize the meta-stable austenite below ambient temperatures. 

Silicon and/or aluminum are often included to accelerate the ferrite/bainite 

formation while suppressing carbide formation in this region.

TRIP steel received its name for its unique behavior during plastic strain: 

in addition to the dispersal of hard phases, the austenite transforms to 

martensite. This transformation allows the high hardening rate to endure at 

very high strain levels/hence"Transformation- Induced Plasticity." The amoimt 

of strain required to initiate this transformation may be managed by regulahng 

the stability of the austenite by conholling its carbon content, size, morphology 

or alloy content. With less stability, the hansformahon begins almost as soon as 

deformahon hanspires.
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Ferrite 
Martensite

Bainite

— Retained 
Austenite

Figure3. lOSchematic of a typical TRIP microstructure I45l

With more stabilitv, the austenitic transformation to martensite is 

delayed until higher levels of strain are reached, typically beyond those of the 

forming process. In highly stabilized TRIP steel automotive parts, this delay can 

allow austenite to remain until a crash event transforms it to martensite. Other 

factors also affect the transformation, including the specific conditions of 

deformation, such as the strain rate, the mode of deformation, the temperature, 

and the object causing the deformation. When the austenite-martensite 

transformation occurs, the resulting stiucture is toughened by the hard 

martensite.

- Complex phase steel (CP)

CP steel has similar microstiucture with the TRIP steel except that CP 

steel has no retained austenite. With the hard phases like martensite and bainite 

and some help from precipitation hardening, the stiength of CP steel ranges 

from 800 to lOOOMPa, which makes the steel excellent for anti-crash rod, 

bumper and B pillar making.

- Martensite steel (M)

M steel is produced by fast quenching from austenite temperature to 

obtain lath martensite. M steel, no matter whether it is hot rolled, cold rolled
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and annealed or formed and post heat treated, is the highest in strength for 

auto-making and suits the needs of safety components such as anti-crash rod.

- MnB steel

MnB steel or hot-stamping and die-quenched steel contains mainly Mn 

and Boron, so it has excellent hardenability. Hot stamping process consists of 

heating blanks to austeniza tion, then press formed while the blanks are still red 

hot and soft, and at last, the formed parts is quenched to hard phases like 

martensite within the die. The total processing time takes about 15 to 25 

seconds. Since the production of AHSS requires fast cooling, inadequate cooling 

capacity has to be compensated by adding more alloying elements. The 

addition of alloying elements deteriorates both the properties and increases 

environmental problem.

However dual phase (DP) and transformation induced plasticity (TRIP) 

steels are very promising approach to increase the ductility of high strength 

steels for automotive applications. In low alloyed DP and TRIP steels, the 

retained austenite is mainly stabilized by carbon. Thus carbon enrichment in the 

austenite and the prevention of precipitation of iron carbides, are achieved by 

lowering the activity of carbon in cementite, by addition of alloying elements 

such as Si and appropriate heat treatment of the cold-rolled strips. Addition of 

aluminum accelerates formation of ferrite in the (a , y) temperature range thus 

enables creation of bainite-martensite islands from retained austenite when fast 

cooling is applied. Synergetic effect of alloying elements on phase 

transformation occurrence is shown in Figure 3.11. t46!
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Figure3.11 Influence of alloying elements on TTT behavior. 1461 

However Stress-strain behavior of HSLA, DP and TRIP steels of 

approximately similar yield strengths are compared in Figure 3.12. The TRIP 

steel has lower initial work hardening rate than the DP steel, but the hardening 

rate persists at higher strains where that of the DP begins to diminish. The work 

hardening rates of DP and TRIP steels are substantially higher than for 

conventional HSS, providing DP and TRIP with significant formability 

advantages. This is particularly useful when designers take advantage of the 

high work hardening rate (and increased Bake Hardening effect) to design a 

part utilizing the as-formed mechanical properties. High work hardening rate 

persists to higher strains in TRIP steels, providing a slight advantage over DP in 

the most severe stretch forming applications. TRIP steels uses higher quantities 

of carbon and silicon and / or aluminum than DP steels to lower the martensite 

finish temperature to below ambient temperatures to form the retained 

austenite phase. P1

The strain level at which retained austenite begins to transform to 

martensite can be designed by adjusting carbon content. At lower carbon leveis, 

the retained austenite begins to transform almost immediately upon
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deformation, increasing work hardening rate and formability during the 

stamping process.
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Figure3. 12Advanced High Strength Steel Processing 

All AHSS M are produced by controlling the cooling rate from the 

austenite or austenite plus ferrite phase, either on the run out table of the hot 

mill (for hot rolled products) or in cooling section of the continuous annealing 

furnace (continuously annealed or hot dip coated products). AHSS cooling 

patterns and resultant microstructures are schematically illustrated in Figure 

3.13. Martensatic steels are prođuced from the austenite phase by rapid 

quenching to transform most of the austenite to martensite. Dual phase ferrite+ 

martensite steels are produced by controlled cooling from the austenite phase 

(in hot rolled products) or from the two-phase ferrite + austenite phase (for 

continuously annealed and hot dip coated products) to transform some 

austenite to ferrite before rapid cooling to transform the remaining austenite to 

martensite. TRIP steels typically require the use of an isothermal hold at an 

intermediate temperature, which produces some bainite. The higher silicon and 

carbon content of TRIP steels also results in significant volume fractions of 

retained austenite in the final microstructure. Complex phase steels also follow
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a similar cooling pattern, but here, the chemistry is adjusted to produce less 

retained austenite and form fine precipitates to strengthen the martensite and 

bainite phases.

Microstructure Key

■  Austenite
■  ferrite 

Bainite
□  Martensite

Figure3.13 AHSS cooling patterns I48l

Figure 3.14 illustrates conventional strengthsteels suchasmild and IF 

steels, conventional high-strength steels such as carbon-manganese, bake 

hardenable, isotropic, high-strength IF, high strength, low alloy steels ( HSLA) 

and the newer grades of advanced high strength steels such as Dual Phase, 

Transformation Induced Plasticity, Complex Phase, and Martensite-steel as 

"AHSS"-"Advanced High Steels". High strength steels (HSS) are defined as 

those steels with yield strengths from 210-550 MPa; Ultra High Strength Steels 

(UHSS) are defined as steels with yield strengths greater than 550 MPa. The 

yield strengths of advanced High Strength Steels (AHSS) overlap the range of 

strengths between HSS and UHSS. The principal differences betvveen 

conventional HSS and UHSS are due to their microstructures. AHSS are multi 

phase steels, which contain martensite, bainite, and/ or retained austenite in 

quantities sufficient to produce unique mechanical properties. Compared to 

conventional micro-alloyed steels; AHSS exhibit a superior combination of high 

strength with good formability. This combination arises primarily from their
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high strain hardening capacity as a result of their lower yield strength to 

ultimate tensile strength ratio. However Figure 3.15 illustrates the third 

generation of AHSS steel. I49i
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Figure3.14 Tensile strength and elongation relationship of different HSS. !47I
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Figure3. 15 Third Generation of AHSS. !471

40





Chapter 3 Fundamentals ofHSLA Steel

3.6 High Strength Steel Availability

High strength I49' 4°] and high strength low alloy steels are generally 

available in all standard wrought forms: sheet, strip, plate, structural shapes, 

bars, bar-size shapes and spherical sections. These steels are also furnished as 

cold rolled sheet or strip in gages up to about 1.6 mm for greater control of 

thickness in structures such as trailer bodies or for better finishes on parts to be 

plated. The heat treated grades are available as plate, bars and, occasionally, 

sheet and structural shapes. When intended for applications involving hot 

forming, they are generally purchased in the no heat-treated conđition. Also, 

semi finished + mill products are available for forging. After forming or 

forging, such products must be heat treated to develop high strength.

High-strength steels are produced to specified mechanical properties, 

which may differ slightly for different thickness ranges. Limits of chemical 

composition are generally published for information only because the carbon 

and alloy contents vary as necessary to maintain mechanical properties of high- 

strength and high-strength low-alloy steels depend on their hot rolled 

condition. These steels are not heat treated except for any annealing, 

normalizing or stress relieving done in connection with cold forming 

operations. The heat treated grades depend on either precipitation hardening or 

quenchining and tempering to develop specified mechanical properties.

It is estimated that of the nearly 800 Mt of steel produced in the world 

today about 12% could be defined as HSLA. Such steels are used in all major 

market sectors especially line-pipe and offshore (Table 3.2). They are used to 

different degrees in the various parts of the world. For example HSLA Steels are 

extensively used for both shipbuilding and pressure vessel purposes in Japan 

much more so than in Europe and North America. A growth opportunity for 

microalloyed steels is in the automotive sector as manufacturers strive to 

reduce the weight of vehicles. I40!
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3.7 Applications of High Strength Steels

The requirements H of the user of the high strength steel, relate to the 

steel properties. The steel should have to be suitable for any given application. 

Dealing with the various applications for wliich high strength steel is used; the 

following may be included in the list, with perhaps many lesser known uses: 

aircraft undercarriages, bolts, pressure vessels, solid propellant rocket motor 

cases, and machine parts. It should be noted that the use of high strength steel is 

at present restricted almost entirely to those applications where 

strength/weight ratio of the item is of major importance. The extension of use 

to more general engineering may well depend upon the success of steel in these 

specialized fields.

The properties of high strength steel which are important to the user 

include strength at various temperatures, ductility and toughness, fatigue 

resistance, corrosion resistance, and weldability.

New high-strength steels are stronger, easier to form and have uniform 

mechanical properties which allow designers to create lighter, safer and more 

environmentally-responsible solutions. Steel is the material of choice for 

product manufactures that require their products to have strength, durability 

and value.
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Table 3.2Proportion of HSLA steels produced world-wide (%) t4°l

E u r o p e N .  A m e r i c a J a p a n

L i n e p i p e 95 95 95
S h i p b u i l d i n g 40 20 75
O f f s h o r e  S t e e l s

P la t e s 90 30 70
S e c t i o n s 70 20 10

P r e s s u r e  V e s s e ls 30 25 85
S t r u c t u r a l

S e c t i o n s 30 20 10 A nnual \Y orld 
T onnage  ~~800M t 
H S L A  S te e l s ~ 1 2 %

S e c t i o n ,
a u t o m o t h e

80 80 80

S e c t i o n ,  s h ip s 15— 30 20 10
S h e e t  p i l l in g 25 15 100
R e b a r 100 5 10
P la t e s 25 20 10— 30

S h e e t  a n d  C 'o il ( in e .  
G a lv .)

A u t o m o t i v e 30 20 30
B u i id in g  ( n o t  

r e b a r )
95 80 70

Steel is the most recycled material in the world. Almost half the world's 

steel is made from recycled material, two times more than all other materials 

added together steel can also be recycled from one product to other without any 

deterioration in quality.

3.7.1 Applications of HSLA steel

HSLA steels I5- so, 51, 52] were originally developed in the 1960s for large- 

diameter oil and gas pipelines. The line pipe used in these projects required 

higher strength and toughness than mild carbon steel, and good weldability 

provided by a low carbon equivalent. The oil & gas sector is still market 

where the most important applications for HSLA steels are found, but the 

automotive and the offshore & onshore structural engineering sectors now 

consume significant quantities of these alloys. I50!
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The HSLA steels are much stronger anđ tougher than ordinary carbon 

steels, ductile, highly formable, weldable, and highly resistant to corrosion. The 

increased strength of HSLA steel means that structures can be built that contain 

less steel and are therefore lighter than they otherwise would be. This is an 

important feature for cars and trucks because it leads to fuel economy. It is also 

important in the design of bridges since it means that the center spans can be 

longer and need fewer supporting beams. An advantage of HSLA steels is seen 

in the construction of tall television transmitter masts. The extra strength of the 

steel means that the sections making up die mast. They could be thinner and 

more stable because, they offer less resistance to the wind. HSLA steels are used 

also in pipelines, buildings, offshore structures, construchon equipment and 

machinerp, railroad equipment, and ships. For many applications, the most 

important factor in the steel selection process is die favorable strength-to- 

weight ratio of HSLA steels compared with conventional low-carbon steels. 

This characteristic of HSLA steels has led to their increased use in automobile 

components Pl. Figure 3.16 shows the past and future use of high strength 

steels. However Figure 3.17shows some real applications of HSLA steels.
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T h f  Pnsl Tht* Near Future And Bcvond?

/
N lediura Strensth. -16° ■

Figure3.16The past and future usage of high strength steels (automobile industry).[51]

Figure3. 17 HSLA steel applications. [52]
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4. Wedability and Welding Rules of HSLA Steels

4.1 Weldability[5'53' 54' 55I

The capability of a material to be welded under the imposed fabrication 

conditions into a specific, suitably designed structure and to perform 

satisfactorily in the intended service is referred as welđability (AWS). It 

depends on various factors such as, nature of metals, weld designs, welding 

technipues, skills, etc. However it has been stated that all metals are weldable 

but some are more difficult than anther (Figure 4.1).t53i

However, weldabihty is often hard to define quantitatively, so most 

standards define it qualitatively. For instance the International Organization for 

Standardization (ISO) defines weldability in ISO standard 581-1980 as: "Metallic 

material is considered to be susceptible to welding to an established extent with 

given processes and for given purposes when welding provides metal integrity 

by a corresponding technological process for welded parts to meet technical 

requirements as to their own qualities as well as to their influence on a structure 

they form.'l54]

Weldability could be divided into two general classes: (1) fabrication 

weldability and (2) service weldability. Fabricahon weldability addresses the 

question, "can one join these materials without introducing detrimental 

discontinuities?" The acceptabihty of these discontinuities depends on the 

application requirements for the particular weldment. The fabrication 

weldability of steel may be adequate for noncritical application requirements 

for the particular weldment. The fabrication weldability of steel may be 

adequate for a noncritical application. Fabrication weldabilty deals primarily 

with discontinuities such as hydrogen-assisted cold cracks, hot cracks, reheat 

cracks, lamellar tearing, and porosity.

Service weldability addresses the queshonx "whether the finished 

weldmenthas adequate properhes to serve the intended funchon or not?" An
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important aspect of service weldability is the comparison of HAZ properties 

with those of the unaffecteđ base metal. Again the acceptability of the service 

weldability depends on the intended application.

Service weldability involves the effect of the welding thermal cycle on the 

properties in the HAZ. Service weldability often determines the range of heat 

inputs allowable for particular steel. Low heat inputs may introduce 

imacceptable low-toughness microstructures, as well as fabrication- weldability 

problems associated with cold cracking.

High heat inputs can introduce coarse microstructure and HAZ 

properties, but the induced thermal cycle controls the microstructure and HAZ 

properti.es, but the induced thermal cycle contiols the microstiucture and 

properties. Therefore, both heat input and thickness should be considered.l55!

4.1.1 Effect of carbon content and alloying elements [5,56,57]

Traditionallv, empirical equations have been developed experimentally to 

express weldability. Carbon equivalent (CE) is one such expression; it was 

developed to estimate the cracking susceptibility of steel during welding and to 

determine whether the steel needs preweld and postweld heat tieatment to 

avoid cracking. Carbon equivalent equations do include the hardenability effect 

of the alloying elements by expressing the chemical compositions with different 

coefficients for the alloying elements have been reported. The International 

Institute of VVelding (IIW) carbon equivalent equation is:

Mn Ni Cu Cr Mo V
CE — C H----------1-------- 1---------1-------- 1---------1—

6 15 15 5 5 5 (4.1.1)

Where, the concentiation of the alloying elements is given in weight 

percent. It can be seen in Eq. 4.1.1 that carbon is the element that most affects 

weldability. Together with chemical elements, carbon may affect the 

solidification temperature range, hot tear susceptibility, hardenability, and cold- 

cracking behavior of steel weldment. Figure 4.1 summarizes the CE and 

weldability description of some steel families. Because of tlre simplification and
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generalization involved in (Figure 4.1) it should be used cautiously for actual 

welding situations.

Steeis
785-880 MPa 
IC rM n C rM o )

Oiverse steeli 
(Cr + Ni + Mo, and so on)

Steeli 
5sJ0 MPa 

(Cr or Ni or V)

Steels
390-490 VPa

(C—Mn)

Steels
325-410 MPa 

(C -M n)

14 28 43 57 71 85 100 1 14 128 equ ivaient Weldat»litY

—  1 1 1 1 1 - 1-----
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Fe Mn

i r i i—r
f t c Mn 3

J I T

Fe c Mn

1 1 I

Fe c Mn

___t i 1 I
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o.3o y
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ditficolt 
to weld

With
preheating

and
technological
precautions

Without
preheating

100 195 29 5 390 490 590 685 785 880
Fracture resistance to breakage, MPa

Figure 4.1Weldability of several families of steels as a function of carbon equivalent. PI

Steels with lower CE values generally exhibit good weldability (Table 

4.1). When the CE of steel is less than 0.45 %, weld cracking is unlikely, and no 

heat treatment is required. When CE is between 0.45 and 0.6 %, is likely, and 

preheat in the range of approximately 95 to 400 °C is generally recommended. 

When the CE of steel is greater than 0.6 %, there is a high probability that the 

weld will crack and that both preheat and post heat treatments will be required 

to obtain a sound weld. However Figure 4.2 illustrates the effect of the CE 

variation on the low-high risk of cold crack.
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Table 4.1Effect of CE on weldability. t56]

CARBON EQUIVALENT

Figure 4.2 Flow chart of the effect of CE on low-high risk of cold crackingt57]

4.1.2 Characteristic Features of Welds l58-59]

Single-pass and multi pass weldments

In practical welding processes, particularly for welding of the thick 

plates, multi-pass welding is often required to fill up the joint gaps. Since the 

heat input is limited to avoid the coarse HAZ structure resulting from high heat 

input, the volume of deposited filler metal for each pass, which is proportion of 

the previous pass HAZ is reheated to a certain extent. Therefore, study of the 

reheated HAZ microstructure is important in investigating the whole HAZ 

weld joint. Figure 4.3 Shows a schematic diagram of single and multi-run 

welds. However Figure 4.4 illustrates the various regions of a welđed joint.

Except for a small part of the HAZ being subjected to tlre highest peak 

temperature during the second weld run, most of the reheat region experiences
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a relatively low tenrperature in the second thermal cycle and is therefore 

subjected a relatively mild heat treatment. A rnajor effect of reheating the HAZ 

is refining the structure.

(a)

Figure 4.3 Schematic representation of structure distribution in HAZ of (a) single and 
(b) multi-pass weld deposits on flat plate. I58)
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Unaffected Base Metai Heat Affected Zone
wh'»ch has not been subjected (100x)
to the heat of weiding.

(100x)

Fusion Line between Weld Metal Deposrt
base materiai and (100 x )
Weid Metal Deposit 

(100x)

Figure 4.4 Various regions of a welded joint. I59]

Depending on the distance between the beads, some original single pass 

weld HAZs may be subjected to the third of fourth reheating cycles. The 

structure of the reheated HAZ is the result of the cumulative effect of each 

thermal cycle. It depends on a sequence of peak temperatures and cooling rates, 

and the precipitation behavior during each weld cycle, as well as on the 

composition and initial microstructure of the material. Since refinement of the 

HAZ structure leads to improvement of the mechanical properties of the HAZ, 

multi-layer welding is regarded as beneficial.

However, multi-pass welding with low heat input reduces the efficiency 

of the welding process. High heat input single pass welding is finding 

increasing application in the fabrication industry to increase welding 

productivity. Compared to multi-pass welding, single pass welding represents 

the most severe case with respect to the grain growth in the HAZ. t59i
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4.1.3 Metallography of VVelds t58' 60' 61' 621 

Heat-Affected Zone Microstructure

General

The heat affected zone, HAZ, is of great concern in a weldment since it can 

contain a large variety of microstructures (Figure 4.5), geometries, stresses and 

thereby have different properties depending on where in the HAZ a test is 

made. The time-temperature cycle during the weld process, in combination 

with the chemical composition in the parent plate and its thickness govems the 

HAZ properties. When judging the weldability of steel it is of great importance 

to consider the peak temperature reached in the HAZ which has a large 

influence on;

• The dissolution of microalloying precipitates in the grain- 

coarsened HAZ

• The austenite grain growth

• The coohng rate from the peak temperature. f6°l

The microstructure in the true heat affected zone (HAZ) is largely 

dependent upon the heat input and its location or distance from the fusion 

boundary. As the distance from the fusion boundary increases, the peak 

temperature that the base metal microstructure is exposed to decreases. A high 

heat input increases the time that the base metal microstructure is exposed to 

the peak temperature. The peak temperature in the true HAZ does not reach the 

melting point of the C-Mn steel.

Generally, the true HAZ (Figure 4.6 )is the base metal underlying the 

weld which has been heated to temperatures above the Fe-Fe Carbide 

metastable phase diagram A1 (723°C) temperature and below the solidus 

temperature, typically 1495 C. However, with higher heat input processes, such 

as submerged arc or electro slag welding, the true HAZ includes peak 

temperatures below the A1 temperature. This is because spheroidization of tlre
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pearlite Fe carbide plates occurs as a result of tempering. The longer the base 

metal is exposed to temperatures just below the Al, the greater the 

spheroiđization.

Slag

Figure 4.5 Drawing showing the various regions of the HAZ in a single-pass weld and
the possible defects. I61!

Figure 4.6True HAZ Regions and the Fe-Fe Carbide Metastable Phase DiagramJ62]
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The true HAZ consists of four regions: coarse-grained supercritical, fine- 

grained supercritical, intercritical and the subcritical. Figure 4.7 shows the 

microstructure for HSLA steel. The partially melted zone component of the 

fusion boundary is also considered part of the HAZ but not the true HAZ since 

there has been some melting in this zone. In the above figure the HAZ regions 

have been greatly exaggerated in size relative to the weld. This was done for the 

purpose of clarity.

The above figure relates the weldment regions to the Fe-Fe carbide 

metastable phase diagram. The peak temperature represents the maximum 

temperature seen by the unaffected base metal as a result of a welding thermal 

cycle. The peak temperatures define the size of each region. This is shown by 

extending the 0.15% C line vertically and intercepting it with the lines đividing 

the phases on the phase diagram. These intercepts are then projected 

horizontally until they intersect the temperature gradient curve in the figure to 

the left. This second intercept is then extended vertically and downward to the 

weldment to reveal the "relative" width of each HAZ region. In practice the 

HAZ width is very small. In practice, the HAZ size is very small in relation to 

the weld size. The partially melted zone has been subjected to peak 

temperatures where the base metal is transformed to delta ferrite and liquiđ 

(between the sohdus and liquidus temperatures). This zone is very narrow, 

perhaps a grain diameter or two in thickness. Since high peak temperatures 

occur in this zone, large grains result as in the coarse-grained supercritical. 

The coarse-grained supercritical is adjacent to the fusion boundary of weld and 

has been subjected to peak temperatures (above the recrystallization 

temperature, typically 1000 °C and below the solidus temperature, typically 

1495°C) which promote rapid austenite grain growth (large grains). This region 

also includes base metal which has been exposed to temperatures below the 

solidus, where austenite and delta ferrite both exist. In practice, this region is 

rarely seen because of the very narrow temperature zone in which austenite
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and delta ferrite exist. In practical terms, the thickness of this region is usually 

less than a grain diameter.

The fine-grained supercritical is ađjacent to the coarse-grained 

supercritical and has been subjected to peak temperatures below the 

recrystallization temperature but above the A3 temperature (the equihbrium 

cooling temperature at which some of the austenite transforms to ferrite). Since 

the peak temperature is below the recrystallization temperature, rapid austenite 

grain growth does not occur. In practice, aluminum killed carbon steels which 

have been agitated with nitrogen during steel making, precipitate A1 nitrides in 

this temperature zone. The A1 nitrides are extremely small and precipitate at the 

base metal grain boundaries. Their presence at the grain boundaries helps 

prevent the grain boundaries from moving; hence, the high peak temperatures 

do not result in large grain growth.

The intercritical is adjacent to the fine-grained supercritical and has been 

subjected to peak temperatures between A3 and Al, where the base metal 

ferrite and carbides begin to transform to austenite. Grain refinement occurs at 

these peak temperatures. A normalizing heat treatment of the base metal occurs 

in this region. The subcritical is between the intercritical and unaffected base 

metal and has been subjected to peak temperatures below the Al. At 

temperatures just below the Al, the pearlite carbide plates begin to spheroidize. 

A tempering heat treatment of the base metal occurs in this region, however, 

the pearlite does not completely spheroidize since the welđ thermal cycle is too 

short for this to happen.bd
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(b) livte'rcnfiakl HA7

(d | Fiaion jmic

Figure 4.7Microstructure for HSLA steel. I58]

4.1.4 Weld Cracks P'63- ̂

There are a variety of physical defects such as undercut, insufficient 

fusion, excessive deformation, porosity, and cracks that can affect weld quality. 

Of those defects, cracks are considered to be the worst since even a small crack 

can grow and lead to failure. All welding standards show zero tolerance for 

cracks whereas the other defects are tolerated within certain limits. There are 

three requirements for cracks to form and grow: a stress raising defect, tensile 

stress, and material with low fracture toughness. Microscopic defect locations 

are available in practically all welds including geometric features and weld 

chemistry that can raise the local stress enough to induce a crack. That leaves 

the engineer to work with the stress environment and touglmess: if either of the 

two can be effectively controlled then cracks can be prevented from initiating 

and growing. Toughness is a measure of resistance to crack growth; resistance 

can be provided by blimting of the crack tip in ductile materials. However, if 

applied strain rate is very high (as would be the case when a spot weld cools at 

the end of the pulse) and the stress field is multi-axiab even ductile materials 

exhibit poor toughness and produce rapid crack growth.
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Hard materials, such as martensite formed during cooling of steels, are 

brittle and have poor toughness. Toughness can be improveđ by controlling 

alloy chemistry and post-weld heat treatment. Stresses can be reduced by 

changing the joint design to ensure that the weld is unđer very low tensile load, 

and preferably, have a compressive load at possible crack locations. Joint 

deigns and fillet shapes can be controlled to minimize stress concentrators that 

assist in initiation of cracks.

Cracks that form in and arotmd the weld can be distinguished into two 

main categories, hot cracks and cold cracks. Cracks can also form in and near 

the weld during use and can be causeđ due to fatigue or corrosion. Cracks that 

form during the cooling process are referred to as hot cracks and cracks whose 

formation is delayed are called cold cracks. To identify how and why a 

particular crack formed, we need to dig deeper into welđ design, identify crack 

locations, and evaluate related metallurgy. Once the root cause or causes are 

identified, appropriated action can be taken to avoid crack formation. 1631

In general, carbon and low-alloy steels are among the most weldable of 

materials. However, they are susceptible, to one degree or another, to:

• Hydrogen-induced cracking (Cold cracking)

• Hot cracking

• Lamellar tearing

• Stress-relief cracking

• Hydrogen-Induced Cracking (Cold cracking)

Hydrogen-induced cracking (also referred to as cold cracking, delayed

cracking, or under bead cracking) is the most serious problem affecting 

weldability. Any hardenable carbon or alloy steel is susceptible. This type of 

cracking results from the combined effects of four factors:

• A susceptible (brittle) microstructure

• The presence of hydrogen in the weld metal

• Tensile stresses in the weld areas
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Hydrogen-induceđ cracking occurs after weld cooling (hence the term 

cold cracking) and is often delayed for many hours while atomic hydrogen 

diffuses to areas of high tensile stress. At microstructural flaws in a tensile 

stress field, the hydrogen changes to its molecular form, causing cracking. 

Cracking may occur in the HAZ or weld metal, and it may be longitudinal or 

transverse. Toe cracks and root cracks start in areas of high stress concentration 

(Figure 4.8). Cracking may therefore occur in less susceptible microstructures or 

at relatively low hydrogen levels. This type of cracking is often delayed while 

the necessary hydrogen diffuses to the area.

One of the serious problems with hydrogen induced cracking is difficulty 

in detecting the presence of a crack. The delayed nature of some of the cracks 

demands that inspechon not be carried out too soon, especially in welds that 

will have external shesses applied when put in service.O

As indicated in Figure 4.9, zone I steels have low carbon and low 

hardenability and are not very suscephble to cracking. Zone III steels have both 

high carbon and high hardenabihty, and all welding condihons will produce 

crack-sensihve microstructures. Therefore, to avoid hydrogen-induced cold 

cracking in zone III steels, the user must apply low-hydrogen procedures, 

including preheat and PWHT. Zone II steels have higher carbon levels with 

lower hardenabihty. It is possible to avoid crack-sensihve microstructures in 

zone II steels by restricting HAZ cooling rates through control of heat input 

and, to a minor extent, with preheat. Figure 4.9 also shows that HTLA steels, 

squarely in zone III, require special considerahons for welding. Chromium- 

molybdenum steels and quenched and tempered steels also require some 

attenhon, as do some HSLA steels. Low carbon steels are readily welded except 

in thick sechons, for which some precauhons may be necessary. The TMCP 

steels have been specifically developed to lie in zone I, and so their weldability 

and resistance to cold cracking is excellent.[5]

5 8





Chapter 4 Weldability and Welding Rules ofHSLA Steels

Figure 4.8Hydrogen-induced cracking in the HAZ of shielded metal-arc weld in
low carbon steel (18x) J64!
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TMCP steels

imi Cr-Mosteels

Ouenched-and-tempered steels 
| | HTLA steels

Zone I I I

Figure 4.9 Susceptibility of steels to hydrogen-induced cold cracking relative to 
carbon content and carbon equivalent (CE).P]

The influence of Hydrogen

The exact role that hydrogen plays in cold cracking imknown, but its 

presence is necessary for this type of cracking to occur. Hydrogen is generally 

introduced into the weld area during welding. The principal source of 

hydrogen is the welding consumable. Other sources include:

• Moisture in the flux coating of shielded metal arc welding 

electrodes, in submerged arc fluxes, or in the core of flux-cored 

electrodes.

• Hydrogen-containing lubricants left on the surface of wire 

electrodes or in the seams of cored electrodes

• Hydrogen-containing compounds or residues left on tlie plate 

surface (these include grease, oil, paint, rust, and so on).

• Leaking water-cooled torches, broken gas lines, or high moisture in 

the shielding gas.

• Aspiration of moisture-laden air into the weld are
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Another factor that contributes to the creation of cold cracking in steel 

weld the diffusion of hydrogen coming from the weld metal which accumulates 

dming welding. Hydrogen generated by dissociation of water vapor in an 

electric arc, and the water vapor comes from the additional welding materials 

(cladding, wet wires) and from external sources (moisture on the workpiece, the 

surrounding atmosphere, etc...) as it is mentioned previously.

For all types of steel, an increase of hydrogen content in the weld, as a 

rule, contributes to increased susceptibility to creation of cold cracking. Since it 

is shown that the most dangerous hydrogen diffusion from the weld metal 

exceeds the base metal heat affected zone, it gives an explanation to hydrogen 

exceeds the time. t65' 66' 67' 583

It is known that the solubility of hydrogen in austenite is higher than in 

ferrite, while the diffusion coefficient of hydrogen in ferrite higher than in 

austenite (Figure 4.10). These two characteristics have an important role in the 

movement of hydrogen in the HAZ. Hvdrogen, formed in the welding zone, 

intensely dissolves in the weld metal, and from it diffuses into the base metal 

which will later undergo martensitic transformation.

Figure 4.10 The dependence of solubility (H) and hydrogen diffusion coefficient (D) of
the steel temperature.
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In front of the isotherm welđ rnetal in the austenitic condition, is 

saturated with hydrogen. Pearlitic transformation of weld metal hydrogen 

solubihty decreases rapidly as the diffusion coefficient increases rapidly, so 

hydrogen passes into the base material ( along the line A-B in Figure 4.11), 

which is stih in the austenitic condition and has a higher solubility of hydrogen.

Since the diffusion coefficient of hydrogen in austenite small, it will 

remain hydrogen near the welded joints, and creates the hydrogen-rich front- 

line blending. Beyond point B appears to martensitic transformation, which 

moves inward and met with the hydrogen diffusion front, so that the austenite, 

which transforms into martensite, near the weld, but rich in hydrogen. This 

captured hydrogen near the fusion line passing from atomic to molecular state, 

which causes enormous pressure and the stresses caused by welding and 

transformation leads to the creation of splashes. I65' ̂

Figure 4.11Schematic diagram explaining the mechanism of atomic hydrogen 
penetration from the weld to the heat affected zone HAZ: F - ferrite, P - pearlite, A -

austenite, M - martensite, H+ - hydrogen ions, Ar3 - < —>a transformation 
temperature, Ms - start temperature of martensitic transformation

When welding steel with austenitic filler material practically does not

occur cracks in the HAZ. In this case, the weld metal that cannot transform

retains all the hydrogen. In addition austenitic weld metal is very flexible and
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easily deformed, and is able to undertabe the transformation of the grid voltage 

occurred in the HAZ, which leađs to reduced stress in the HAZ and reduced 

probability of occurrence of cold cracking in it.

Prevention of Hydrogen-Induced Cracking

The major causes and cures to avoid cold cracking in both base anđ weld 

metal are illustrated in the Figures 4.12 & 4.13 respectively.

Figure 4.12 Causes and cruses of cold cracking of base metall5!
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Figure 4.13 Causes and cures of cold cracking of weld metal. Pl

Preheating I69-70-71- 721

The operation of heating metal to some predetermined temperature 

before engaging in actual welding is called preheating. The đetails and the 

modes may be different in various situations but in general the purpose is to 

mfluence the cooling behavior after welđing so that shrinkage stresses will be
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lower (relative to welding without preheating) and cooling rate will be milder. 

Pre-heating prepares metal to make it more receptive to welding. The 

importance of preheating increases with the thickness of the base metal because 

of the rapid selfquench capability, and with the rigidity of the welded structure 

because of the derived constiaints. In general the higher the preheat 

temperature and the lower the heat input, the conditions are more favorable for 

limiting martensite formation and its hardness, hopefully contributing to higher 

quality welds. As a precaution all hardenable steels should be preheated to 

decrease the cooling rate after welding. t69l

The required preheat and interpass temperature can be achieved in 

several ways. Electric preheater elements around the prepared joint (Figure 

4.14) are often best, since they provide uniform heating of the area. The 

temperature should be monitored by using, for example, a contact 

thermometer. In the case of low preheating temperatures, generally single 

nozzle gas burner is used (Figure 4.15)while in the case of high preheating 

temperatures and the maintenance of interpass temperature is required , huge 

energy preheating device or multi nozzle gas burner.(Pre-heating before 

welding and stress-relieving (i.e. postheating) after welding are the new uses 

for induction heating)!70!

Required preheat temperature

VVelding codes generally specify minimum values for the preheat 

temperature, which may or may not be adequate to prohibit cracking in every 

apphcation. For example, if a beam-to-column connection made of ASTM A572- 

Gr50 jumbo sections (thicknesses minimum prequalified preheat of (107°C) is 

required (AWS Dl.1-96, Table 3.2).
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Figure 4,14 Electric preheater elements aroundthe prepared joint. t7°i

Figure 4.15 Single nozzle gas burner preheating of longseam pipe.Ei]

When no welding code is specified, and the need for preheat has been 

established, how does one determine an appropriate preheat temperature?
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Consider an approach outlined in the American VVelding Society's Structural 

VVelding Code, AWS D l.l, Annex XI: "Guideline on Alternative Methods for 

Determirung Preheat." Two procedures are presented for establishing a preheat 

temperature. These techniques, developed primarily from laboratory cracking 

tests, are beneficial when the risk of cracking is increased due to the chemical 

composition, a greater degree of restraint, higher levels of hydrogen or lower 

welding heat input. P2!

However, beside those methods suggested by the AWS there are many 

other methods to estimate the necessary minimum preheatmg temperatures. 

For instance the chart method developed by Nippon Steel P3] for selecting the 

critical preheat temperature for specific steels and called the master curve 

method by the authors is đescribed below.

The first issue is what to select as carbon equivalent. The CEN was 

adopted in this method. In Figure 4.16, the critical preheat temperature 

determined for various steels in the y-groove weld cracking test are compared 

with the carbon equivalents calculated by Nippon Steel authors. Among the 

three carbon equivalents (CE(IIW), Pcm anđ CEN), the CEN is shown to have the 

best correlation with the critical preheat temperature. This is the reason for 

adopting the CEN.

The second issue is what preheat temperature to select. Nippon Steel 

Corporation authors, made it possible to predict the critical preheat 

temperature by the y-groove weld cracking test specified in JIS Z 3158. The 

reason is that steel manufacturers and many steel users often refer to the results 

of the y-groove weld cracking test when determining the critical preheat 

temperature in their actual welding operations. Of course, the critical preheat 

temperature determined by the y-groove weld cracking test depends on 

welding heat input and hydrogen content. The experimental procedure first 

predicted the critical preheat temperature under the standard conditions of 1.7 

KJ/mm heat input and 5mm/100g hydrogen content. Figure 4.17 Shows the
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relationship betvveen the CEN calculated from the experimental data of various 

steels and the critical preheat temperature determined by the y-groove weld 

cracking test. The critical preheat temperature varies with the plate thickness, 

because the restraint intensity of the specimen varies with the plate thickness. 

Figure 4.17 Shows curves that constitute the base of this selection procedure. In 

that sense, these curves are named the master curves.

The effect of the heat input and hydrogen content is expressed as a change 

in the CEN (ACEN). This method is similar to BS 5135. When the actual heat 

input and hydrogen content are different from the standard conditions, this 

method determines which standard condition they correspond to Figures. 4.18 

and 4.19 show the curves to determine the ACEN when the heat input and 

hydrogen content are different from the standard conđitions. The cold cracking 

susceptibility of the HAZ is strongly influenced by its hardness and 

hardnenability. When high-hardnenabihty steel is welded, the HAZ 

microstructure becomes predominantly martensitic even if the heat input 

changes to some extent. When lower-hardenability steel is welded, the heat 

input has important bearings as it changes the bainite volume fraction. In 

Figure 4.19, the X-axis is a logarithmic plot. This is because the effect of 

hydrogen on cold cracking susceptibility is logarithmic. When Figure 4.19 was 

prepared, this fact confirmed from experimental results. Figures 4.17 to 4.19 can 

be used to predict the critical preheat temperature in the y-groove weld 

cracking test.
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-'igure 4.16Relationship between carbon equivalents and critical preheat 
temperature (y-groove weld cracking test)l73l

Carbon eauivalent CEN

Figure 4.17Relationship between weld metal hydrogen content and ACENl73!
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Figure 4.18 Relationship between heat input and ACEN.Fd

Weld meta! hydrogen H Jlw (ml/lOOg deposite metal)

Figure 4.19 Master curves in preheat temperature prediction metlrodJ73!
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However the following method which is suggested by the mentioned 

reference I74! can be used to determine the required preheat temperatnre for 

welding non alloyed and low alloyed steels using the calculator shown in 

Figure 4.20 according to the following steps:

1. Enter Arc Energy. Arc energy is the heat produced by the welding arc; it 

is equal to the welding current times the welding voltage divided by the 

travel speed. The actual current and voltage should be measured during 

welding along with the travel speed in mm/ sec.

2. Select welding process. The heat input is the arc energy going into the 

parent metal. It is calculated by multiplying the Arc energy by an 

efficiency factor specific to the welding process.

3. Enter Carbon Equivalent. The CE must be based on the IIW. The 

program will calculate it for you if the base metal composition is known.

4. Select Hydrogen Scale. Diffusible hydrogen content is split into 5 

groups:

A, > 15ml/100g No hydrogen control!

B, 10 < 15 ml/lOOg

C, 5 < 10 ml/lOOg

D, 3 < 5 ml/lOOg

E, < 3  ml/lOOg

MMA welding using Rutile or Cellulose covered electrodes use scale A. 

MMA using Basic coated electrodes is capable of up to scale D if the electrodes 

are baked and stored in accordance with the maker's recommendations. 

MIG/MAG normally scale C, but if the welding wire is clean scale D is 

possible. For TIG welding scale is D. Scale E requires special consideration.

5. Enter the combinecl thickness of the joint. Consider the thickness of all 

paths taking heat from the weld. For example: The combined thickness 

for a butt weld between two plates of the same thickness will be twice 

the base metal thickness, for a T fillet weld three times tlre thickness.
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6. When all data has been correctly entered click the calculate preheat 

button.

■ Heat Input

Enter Arc Energ)' KJ/mm 

Select Welding Process 

Heat Input KJ/nun =

O r  C a lc u la te

j M a n u a l  M e t a l  A r c  W e ld i n g  _̂ _|

N o te , th is  b o z  is n o t fo r  d a ta  in p u t.

• Caiton Equivalent

Enter Caikon Equivalent O r  C a lc u la te  j

* Hvdrogen Scale

Select Hydrogen Scale | A { M M A  R u t ile  & C e l l u lo s ic E le c t r o d e s .  W o r s t  C a s e } > 1 5 m l/ 1  DO g _^J

■ Comhined Thickitess

Enler Comhined Thickness nun Note Thicknesi mustbe 2 x T  for abutt welđ

■ Calculate Pre-Heat

C a lc u la te  P r e -H e a t Min Pre-Heat Temperature= | °C

Figure 4.20 Preheat temperature calculatort74!

4.1.5 Testing of Cold Cracking Sensitivity P' 75>76' 77' 78I

A range of mechanical tests is available to measure the HIC susceptibility 

of weldments produced by a given process or consumable. Each test has a bias 

toward producing either HAZ or welđ metal cracking and will affect tlie 

orientation of cracking. This is due to the geometry of the test and the resulting 

stresses imposed on the weldment. t75l
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Y-Groove (Tekken test)[76l 

Specimens

Test assembly configuration is shown in Figure 4.21. All weld joint 

surfaces shall be machineđ to 4 micrometers R3 minimum. When it is possible 

to identify the rolling direction of the material being tested, the parts should be 

cut and assembled with the rolling dhechon perpendicular to the weld groove, 

unless othervvise specified.

The test assembly is fabricated by depositing welds on each end of the 

weld groove to provide the necessary reshaint, as shown if Figure 4.21. Section 

A-A. Low-hydrogen type mild steel filler metal is normally useđ. Welds shall be 

deposited by a suitable welding process, using a deep penehating arc and a 

weave-bead technique to fill the joints with a minimum number of weld beads. 

Care shall be taken to minimize angular distortion during welding. Weld 

reinforcement should be approximately 2 mm. Maximum inter pass 

temperature should be in accordance with steel manufacturers

recommendations as applicable to the steel type being joined.

Each test assembly shall be dimensionally inspected after cooling to 

ensure the proper configurahon as shown in Figure 4.21, sechon B-B. The 

groove root opening dimension shall be within tolerance.

Fabricate a minimum of three test assemblies per set.

Procedure

1. All welding shall be performed in the flat posihon.

2. Test assemblies shall be uniformly heated in an oven, to a temperature 

slightly higher than the desired preheat temperature. The test assembly is 

removed from the oven and the surface temperature near the bevel area shall be 

monitored. Welding shall begin when the desired preheat temperature is 

reheated.
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3. The single-pass test weld shall be đeposited as shown in Figure 4.22. 

Welding technique which promote good fusion and crater fill shall be 

employed. Following ^elding, the assembly shall be allowed to cool in still air. 

It shall be left at ambient temperature for a minimum period of 48 hours before 

examination for cracks.

4. The test weld area shall be examined for surface cracks. If surface cracks 

are visible, no further examination is required. If cracking is not visible, the 

weld shall be sectioned and examined microscopically.5. When sectioning is 

required, the test should be sectioned at the one-fourth length positions. Water- 

cooled mechanical means shall be used to section the test welds. Assemblies 

shall be securely clamped in such a manner that the cutting procesš does not 

contribute to weld root cracking. Sectioned specimens shall be polished, etched 

and examined at 20X for cracks.

6. When the test is used to evaluate susceptibility to hydrogen cracking, a 

diffusible hydrogen determination shall be performed for each welding process 

and consumable in accordance with AWS A4.3. The diffusible hydrogen 

determination shall be performed under the same conditions as the test weld. 

However the test data should be recorded as a report on a Test Result Sheet 

similar to Table 4.2.
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APPROX 200 mm

R E S T R A IN IN G R E S T R A IN IN G

W E L D S
j A R E A

W E L D S

/
/ a

/

B

\

' i n m u u u
'— ►  

A B

SECTION A-A SECTION B-8

Figure 4.2!Oblique Y-groove test assembly. (761

T EST  V'/ELD 
LENGTH (L)

>))) )))) )7T7 ))))
3B 3A 2B 2A 1B 1A

4<--------1/2 L —  ►

■ * —  1/4 L

Figure 4.22Sectioning of test platl76!
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Table 4.20blique Y-groove test resultsJ76!

A W S  B 4 .0 M :2 0 0 0

C o m p a n y  N a m e  

J o b 'T e s t  N o . ___

D e sc r ip t io n  of In v e st ig a t io n _________________________________________________________________________________________________________________ _

M a te r ia l Id e n t if ic a t io n __________________________________________________________________________________

M a te r ia l T h i c k n e s s _____________________________________________________________________________________  R o llin g  D ire c t io n  Ind ica te d  Y  / N

M a te r ia l H e a t  T re a t m e n t ____________________________________________________________________________________________________________________________

A p p lic a b le  W e ld in g  P ro c e d u re  N o . ____________________________________________________________________

W e ld in g  D e t a i l s _________________________________________________________________________________________  P r o c e s s ______________________

D a te  of W e ld in g ______________________________________________________________________________ T im e  L a p se — W e ld in g  to T e st in g  (h rs)

P a ra m e te rs Test W e ld P a ra m e te rs A n c h o r  W e ld T e st  W e ld

E le c tro d e A V ire  Dia. W e ld in g  C o n s u m a b le  ID

A m p e ra g e S p e c if ic a t io n

V o lta g e C la ss 'if ic a t io n

Po la rity B a k in g  T reatm ent

T rave l S p e e d S h ie ld in g  G a s  Type, M e d iu m

P re h e a t  Tem pera tu re S h ie ld in g  G a s  D e w  Point

H e a t  Input M a x .  In te rp a s s  Tem p.

H u m id ity  (R H ) M e a s u r in g  M e th o d

A m b ie n t  Tem p.

H y d ro g e n  D e te rm in a t io n  M e th o d  D a te  R e su lt

E X A M IN A T IO N

S u r ta c e Se c t io n

A s s e m b ly  No. In sp e c t io n  M e th o d R e s u lt s  (C  o r N C ) In sp e c t io n  M e th o d R e s u lt s  (C  o r  N C )

No. of T e st  A s s e m b l ie s  In sp e c t e d __________________________________  Total %  C ra c k in g

R e m a r k s ______________ _________________________________________

OBLIQUE Y-GROOVE TEST RESULTS

__________________________________________________________  D a t e _________________

__________________________________________________________  S h e e t _____________ of

T e sted  B y ______________________________________________________________________________________________

S ig n a t u re ___________________________________________ ____________________________________________________ D a te
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Gapped bead on plate test

The GBOP test piece is made up of two blocks, one of which has machined 

recess on one face (Figure 4.23). The blocks are clamped together (Figure 4.24) 

so that the machined recess forms a slot between the two blocks. It provides a 

good measure of the resistance to transverse weld metal cracking. However 

Figure 4.25 shows the GBOP test sectioning. P5]

A

LocaOon of mAchincd rtcc.vs

Figure 4.23Schematic of the GBOP test specimenJ75!

Figure 4.24 GBOP clamped blocks.t77]
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Figure 4.25GBOP test sectioningJ77]

Controlled-Thermal-Severity (CTS) Test I5 78!

The CTSP] test (Controlled Thermal Severity BS 7363 1990) is based on the 

principle of the fillet joint and serves for a selection of optimum welding 

parameters and also as a test of quality of the base material (e.g. for admissible 

hardness value). The test plate (Figure 4.26), 35 mm thick is made up of two 

asymmetrically screwed sections mechanically shaped straight. An auxiliary 

weld is made from two or three sides on several layers. When it cools and the 

screw is tightened, the test weld itself is made in one or two sides, 4-6 mm in 

thickness and 75 mm in length. Susceptibility to cracking grows with the 

increasing gap between the plates; therefore a backing strip is often placed 

between the two plates whereby the gap in the fillet weld is enlarged. Witlr this 

test, occur in the underbead zone or in the weld metal. The test weld can be 

sectioned into samples minimally 72 h after completion. Each specimen is 

assigned a thermal severity number (TSN) according to plate thickness-using 

equations (4.1.2) & (4.1.3). For bithermal welds:
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T S N  =  4 ( t  +  b ) ( 4 . 1 . 2 )

Where: t and b are the thickness of the top anđ bottom plates, respectively. 

For trithermal welds

TSN = 4(t + 2b) (4.1.3)

Figure 4.26CTS test assembly (dimensions in mm).l78)

A series of plate thickness, which provide varying cooling rates, are 

tested. The crack susceptibility of the base-metal filler material (welding wire or 

electrode) combination is determined by the minimum TSN that produces 

cracking. Controlled-thermal-severity testing is used to measure the cold crack 

sensitivity of steels under cooling rates controlleđ by the thickness of the plates 

and the differences in cooling rates between bithermal and trithermal welđs. 

This test is primarily used to evaluate the crack sensitivity hardenable steels. b]
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Hot Cracking I79' 8°]

Hot cracking (Figure 4.27) has been a subject of intensive studies over the 

last few decades. Hot cracking occurs during the solidification process due to a 

combination of metallurgical behavior on cooling and the surrounding 

thermomechanical conditions. In general, two basic approaches are usually 

taken: 1) improving the weld and heat-affected zone (HAZ) material ductility 

and 2) improving the thermomechanical conditions during welding. 

Historicall^, the majority of the research work has been focused on the former,

i.e., improving the weld and HAZ material ductility.

To reduce the weld material temperature range and to increase its 

ductility, one documented method is to introduce alloy elements, such as Ti, Zr, 

V and B. In doing so, the grain structure of the welđ metal can be refineđ, 

resulting in an improved ductility and resistance to hot cracking. A variation of 

this approach is to control the solidification microstructure of the weld metal by 

using special solidification techniques. For instance, magnetic arc oscillation 

and electromagnetic shrring have been used to refine weld microstructure and 

to change sohdification orientation. The alternating columnar grains resulting 

from transverse arc oscillations at a low frequency can be effective in reducing 

sohdification cracking.

Figure 4.27 Hot crack in welded joint.I80)
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Lamellar Tearing t5- 811

Lamellar tearing can occur beneath the weld especially in rolled steel 

plate which has poor through-thickness ductihty. Lamellar tearing was 

observed in the construction of buildings, metal structure bridges, in the 

manufacture of pressure vessels, ships and nuclear equipment. Typically, the 

cracks appear in solders of several passes in the joints angle in T or L and they 

are always associated with points high stress concentration (Figure 4.28). The 

surface of the fracture is fibrous with long parallel sections which are indicative 

of low parent metal ductility in the through-thickness direction, (Figure 4.29)

Figure 4.281amellar tearing in T butt weld. t81l

Figure 4.29Appearance of fracture face. I81!
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To avoid lamellar tearing the following steps shoulđ be taking in 

consideration:

• Use plate material with improved through-thickness properties. A 

reduction in oxygen content or a reduction in sulfur content will 

reduce the amount of inclusions in the steel.

• Change the joint design to minimize through-thickness 

contraction stresses.

• Use lower-strength welding consumables. This will absorb and 

reduce some of the through-thickness stress.

• In extreme cases, the surface of the plate may be ground or 

machined to a level below where lamellar tearing is anticipated.

4.2 Properties of VVeldments I5'82' 831

The properties of carbon alloy steel weldments depend on a number of 

factors. Consideration must be given to the compositional effects of the base 

metal and welding consumable and to the different welding processes used. 

Because steels undergo metallurgical transformations across the weld and heat- 

affected zone (HAZ), microstructures and morphologies become important. A 

wide range of microstructures depend on energy input, preheat, metal 

thickness, weld bead size, and reheating effects due to multipass welding. As a 

result of their different chemical compositions and weld inclusions (oxides and 

sulfides), weld metal microstructures are usually significantly different frorn 

those of HAZ and base metal. Similarity, properties across the weld zone can 

also vary. The influences of welding processes, welding consumables, and 

welding parameters on the weldment properties are emphasized. The service 

properties of weldments in corrosive environments and subjected to cyclic 

loading are also considered. t5i
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4.2.1 Effect of Alloying Elements l833

About twenty different elements are used in various proportions and 

combinations in the manufacture of both carbon and low alloy structural 

steels. Some are used because they impart specific properties to the steel when 

they alloy with it (i.e. dissolve in the iron), or when they combine with 

carbon, wholly or in part, to form compounds known as carbides. Others 

are used because they are beneficial in ridding the steel of impurihes or 

rendering the impurities harmless. Still another group is used to counteract 

harmful oxides or gases in the steel. The elements of this last group act only 

as fluxes or scavengers and do not remain in the steel to any extent after 

sohdification occurs. Some elements fall into more than one of the above 

groups. However the effects of some of the more common alloying elements are 

as fohows:

Aluminum is often used to promote nitriding but its major use in steel 

making is as a deoxidizer. It may be used alone, as in low carbon steels where 

exceptional drawability is desired, or more commonly in conjunction with other 

deoxidizers. It effectively restricts grain growth and its use as a deoxidizer to 

control grain size is widely practiced in the steel industry.

Carbonalthough not generally considered an alloying element, is by far 

the most important element in steel. As carbon, is added to steel up to about 90 

percent, its response to heat treatment and its depth of hardening increase. In 

the "as- rolled" condition, increasing the carbon content increases the hardness, 

strength and abrasion resistance of steel but ductiUty, toughness, impact 

properhes and machinability decrease.

Chromium conhibutes to the heat treatment of steel by increasing its 

strength and hardness. Its carbides are very stable and chromium may be 

added to high carbon steels subject to prolong anneals to prevent 

graphitizahon. Chromium increases resistance to both corrosion and abrasion. 

Chromium steels maintain shength at elevated temperatures.
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Columbiumis used in carbon steels to develop higher tensile properties. It 

also combines with carbon to provide improved corrosion resistance, ćmd is 

often used for this purpose in stainless steels.

Iron is the principal element and makes up the body of steel. In 

commercial production iron always contains quantities of other elements. 

Production of pure iron is accomplished with difficulty and generally in small 

quantities. Iron does not have great strength, is soft, ductile and can be 

appreciably hardened only by cold work.

Manganeseby its chemical interaction with sulphur and oxygen makes 

it possible to roll hot steel. It is next in importance to carbon as an alloying 

element. it has a strengthening effect upon iron and also a beneficial 

effect upon steel by increasing its response to heat treatment. It increases the 

machinability of free machining steels but tends to decrease the ductility of low 

carbon drawing steels.

Molybdenum has a pronounced effect in promotion of hardenability. It 

raises the coarsening temperature of steel, increases the high temperature 

strength, improves the resistance to creep and enhances the corrosion resistance 

of stainless steels.

Nickel is soluble in iron and, in combination with otlier elements, 

improves the hardenability of steel and toughness after tempering. It is 

especially effective in strengthening unhardened steels and improving impact 

strength at low temperatures. It is used in conjunction with chromium in 

stainless steels.

Phosphorus strengthens steel but reduces its ductility. It improves the 

machinability of high sulphur steels and under some conditions may confer 

some increase in corrosion resistance. Silicon is one of the principal steel 

deoxidizers and is commonly added to steel for this purpose. In amounts up to 

about 2.5% it increases the hardenability of steels. Specified coarse gram steels
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are silicon killed. In lower carbon electrical steels, silicon is used to promote 

the crystal structure desired in annealed sheets.

Sulphur added to steel increases machinabihty. Because of its tendency to 

segregate, sulphur may decrease the ductility of low carbon drawing steel. Its 

detrimental effect in hot rolling is offset by manganese.

Titaniumis an extremely effective carbide former and is used in stainless 

steels to stabilize the steel by holding carbon in combination. Titanium is used 

for special single coat enameling steels. In low alloy structural steels its use in 

combination with other alloys promotes fine grain structure and improves the 

strength of the steel in the "as-rolled" condition.

Vanadiumis a mild deoxidizer and its addition to steel results in a fine 

grain structure which is maintained at high temperature. It has very strong 

carbide forming tendencies and very effectively promotes strength at high 

temperatures; vanadimn steels have improved fatigue values and excellent 

response to heat treatment. In unhardened steels it is particularly beneficial in 

strengthening the metal.

4.2.2 Controlling Toughness in the HAZ Pl

Unlike face-centered cubic metals, which are ductile at all temperatures, 

body-centered cubic metals such as steel undergo a ductile-to-brittle transition 

at a temperature that is substantially influenced by metallurgical factors, 

including microstructure, grain size, carbon and alloy content, and inclusion 

content. Unexpected brittle behavior in an engineering structure because of this 

transihon could cause a catastrophic failure.

Microstructure, Excellent toughness can be achieved in steel weld metal if 

the microstructure is essentially acicular ferrite with only a trace of grain- 

boundary ferrite, minimal bainite, and no martensite. Unless the carbon content 

is extremely low, fully bainitic and/or martesitic structures rnust be avoided.
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The grain size and oxide inclusion content should be as minimal as welding 

conditions permit.

Welding process, The prior-austenite and acicular ferrite grain sizes are 

small and the inclusion content is negligible in welds deposited by the gas- 

tungsten arc, shieldeđ rnetal arc, and gas-metal arc welding processes. 

Therefore, these methods are the best means of obtaining welds with excellent 

toughness in the as-welded condition (Figure 4.30). The HAZ toughness values 

of the resulting welds are generally good because of the fine HAZ grain size, 

characteristic of low-heat-input welding methods.

Hardness, levels are lowest for high heat inputs, such as those produced 

by submerged arc weldments, and are highest for low-energy weldments (with 

faster cooling rates) made by the shielded metal arc process. Depenđing on the 

welding conditions, weld metal microstructures generally tend to be fine 

grained with basic flux and somewhat coarser with acid or rutile (TiCh) flux 

compositions.

4.2.3 Filler Metal - Low hydrogen h 67

When selecting filler metalsthe specifier may elect to require "low 

hydrogen electrodes." Such electrodes may be required to minimize the 

possibility of hydrogen related cracking. In some cases the engineer may 

specify low hydrogen electrodes because he believes these electrodes will also 

provide weld deposits exhibiting a high minimum level of notch toughness. 

While this may be true, it cannot be assumed.
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Weld cooling rate,° F/s

Figure 4.30Effect of welding process on weld metal toughness for low-alloy steels.PI

However, the term "low hydrogen" has been around for about 60 years. 

It was first introduced to differentiate this classification of shielded metal arc 

welding (SMAW) electrode (e.gv E7018) from other non-low hydrogen SMAW 

electrodes (e.gv E6010). They were created to avoid hydrogen cracking on high 

strength steels, such as armor plate.

Although so-called "low hydrogen electrodes" have been around for 

many years, there is some confusion about what is meant by the term. Many 

codes and specifications use the designation, however, neither "low hydrogen" 

nor "low hydrogen electrodes" are listed in the American Welding Society's 

(AWS) Standard Welding Terms & Definitions (AWS A3.0-94)2.This may come 

as a surprise to some, especially to engineers that have been specifying that 

"only low hydrogen electrodes shall be permitted," or "all welds shall be low
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hydrogen", or that "all welding processes shall be low hydrogen." Without a 

formal definition, the term "low hydrogen" can be understood differentiy by 

engineers, contractors, or inspectors, which can lead to confusion and conflicts.

Weld Deposit- Hydrogen Levels

As mentioned above, no definition exists for a "low hydrogen weld 

deposit." The word "low" is an imprecise description. The preferred method of 

controlling the level of hydrogen in a weld deposit is to use the optional 

hydrogen designators as defined by the American Welding Society. These 

designators are in the form of a suffix on the electrode classification (e.g., H8, 

H4, and H2). The filler metal manufacturer may choose to add the hydrogen 

designator to the electrode classification if the filler metal meets the diffusible 

hydrogen requirements in the applicable AWS A5.x filler metal specification. 

Following are examples of the designator requirements (Table 4.3):

Table 4.3 Optional Hydrogen Designators I84]

Diffusible Hydrogen, 
mL/100g

H8 8

H4 4

H2 2

The use of a filler metal is common in many fusion welding processes. To 

select the proper filler metal/ electrode, the primary considerations are whether 

the weld metal can be produced defect-free and whether the weld metals are 

compatible with the base metal and can provide satisfactory properties. These 

characteristics are determined by the:

• Chemistry of the electrodes

• Dilution of the base metal
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• Flux system or shielding gas

• Weld-pool solidification and subsequent cooling and 

transformation

The strength of the weld metal is improved not by increasing the carbon 

content, but by adding the alloying elements that provide solid-solution or 

precipitation strengthening and modification of the microstructures.

The selection of the proper filler metal is based not on the chemistry of the 

base metal, but rather on matching the weld metal and base metal service 

properties. Using a filler metal with chemistry identical to that of the base metal 

may not provide the desired results, because the microstructures of the weld 

metal are entirely different from those of the base metal. For most carbon and 

low-alloy steels, the solidification and rapid cooling rate involved in fusion 

welding result in a welđ metal that has higher strength and lower toughness 

than that has higher strength and lower toughness than the base metal when 

they are of the same chemistry. Consequently, the filler metal often contains a 

lower carbon. The weld metal microstructure in carbon and low-alloy steels 

contains a variety of consti tuents, ranging from blocky ferrite to acicular ferrite 

to bainite to martensite.

The considerations governing the choice of filler metals for welding HSLA 

steels are often very similar to those for welding structural carbon steels, except 

that it is necessary to use low-hydrogen welding practices with HSLA steel. The 

amount of hydrogen carried by the filler metal to the weld pool should be 

evaluated with reference to the carbon equivalent (CE) and composition 

parameter (Pcm). Additional consideration must be given to choose an arc 

electrode and procedme that will provide adequate levels of notch toughness in 

both the weld metal and the (HAZ). For all of the commonly used arc welding 

processes, filler metals are available that can produce weld metal with various 

levels of notch toughness. Suggested elechodes for arc welding several HSLA
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steels for structural and pressure-vessel applications are available (examples of 

consumables are given in Table 4.4). P1

Table 4.4Examples of welding consumables, AWS class. t67l

Recommended Rp0-; [MPa]
strength  of

/consum ables for A
h igh ly stressed joints

Welding consumables, AWS dass

Recommended strength 
^o f consumables for other 

joints
MMA I  SAW

I  (solid wire/- 
I  fiux comblnations)

MAG
(sofcd wire)

MAG I  MAG
(f un cored I  (metal cored 

wire) 8  vvire)

AWSAS.21 rRI70S-X

AWS A5J8 ERltOS-X

AWSA&3t ER150S-X

AVVSASJS ER90S-X

AVVSAS^S ER8CS-X

AWSA5JS tRTOM

I  TT -T Ui in us
* * * * * * *  X  X  X  sv /v /v

3 g S S S  9  S 9  9  9  9

Note that X stands for one or several characters.
X X X U  U U u  u

2 2  2 °  °  D <<<<<< ^  ^  ^  ^  ijj ^

However, the hydrogen content should be lower than or equal to 5 ml of 

hydrogen per 100 g of weld metal when welding with unalloyed or low alloyed 

welding consumables. Solid wires used in MAG and TIG welding can produce 

these low hydrogen contents in the weld metal. The hydrogen content for other 

types of welding consumables can best be obtained from the respective 

manufacturer. If consumables are stored in accordance with the manufacturer's 

recommendations, the hydrogen content will be maintained at the intended 

level. This applies, above all, to coated consumables and fluxes. I67l
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Heat Input I85]

Heat input can be referred to as "the electrical energy supplied by the 

welding arc to the workpiece" In practice, however, heat input can 

approximately (if the arc efficiency is not taken into consideration) be 

characterized as the ratio of the arc power supplied to the electrode to the arc 

travel speed, as shown in the following equation:

HI =  (A. Vrj)/WS (4.2.1)

Where A is the welding current in amperes (A),V is the arc voltage in volts 

(V), WS is the welding speed linear measure per minute (m/min or cm/min), 

and q is the welding efficiency. However "60" standardizes the units for " A" and 

"WS," since 1 minute is 60 seconds). . In this way, the unit of heat input can be 

J/mm, kj/mm, J/cm, or kj/cm where "J" and "kj" stand for Joule and kilo-Joule 

respectively.

The most important characteristic of heat input is that it govems the 

cooling rates in welds and thereby affects the microstructure of the weld metal 

and the heat affected zone. A change in microstructure directly affects the 

mechanical properties of welds. Therefore, the control of heat input is very 

important in arc welding in terms of quality control. Figure 4.31 shows how 

heat input affects the cooling rates in welds. This figure suggests tliat the effect 

of heat input on the cooling rate is more significant in lower heat input ranges 

at every preheating temperature when the plate thickness is kept constant.
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Figure 4.31The effect of heat input on cooling rates in welds as a function of preheating
temperatures (Plate thickness: 19mm). I85l

However Figure 4.32 shows the use of higher heat input (A: 2.5kJ/mm) 

causes more coarse microstructure when compared with lower heat input (B: 

l.OkJ/mm). This marked difference in microstructure results in significant 

effect on the strength of welds as shown in Figure 4.33.

4.3 Welding of HSLA Steel t5' 611

High strength low alloy steels can be welded by the entire commonly used 

arc welding processes (Figure 4.34). Shielded metal arc, gas metal arc, flux 

cored arc, and submerged arc welding are used for most applications. Low 

hydrogen practices should be employed with all processes when carbon 

equivalents values indicate susceptibility towards cracking. High heat- input 

welding processes such as electroslag, and multiple-wire-submerged arc can be 

used to weld these steels. However, the advantage of their use warrants careful 

evaluation where notch toughness in the weld metal and HAZ is a requirement. 

Resistance spot seam, projection, upset, or flash welding also can join the HSLA 

steels. 151
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Figure 4.32A comparison of microstructures of gas metal arc weldeđ all-deposited 
metals of an ER80S-G trial wire, using two different amounts of heat input (x400)

(Source c. XII-1647-00, 2000).P51

Figure 4.33The effect of heat input on strength of all - deposited metals of an ER80S-G 
trial wire in gas metal arc welding (Source: IIW Doc. XII-1647-00, 2000).l85l

93





Chnpter 4 Weldability and Welding Rules o/HSLA Steels

Some of ttie more common welding processes 
are shown in the diagram

r -  Fusion

Welding

-  Pressure

Arc v/elding

Consumable electrode 

Electron beam

Friction vvelding

■ -Resistance vvelding

Laser vvelding

- Non-consumable type

-  Spin vvelding 

Friction stir welding

-  Lap resistance welding

-  Butt resistance vvelding

Metal Inert Gas 
(MIG)
Metal Active Gas 
(MAG)
Mixed gas shielded 
C02 gas shielded 
Arc weld covered 
electrode 
Sub-arc

Tungsten Inert Gas 
(TIG)
Plasma welding

Spot resistance 
Projection welding 
Seam vvelding

Upset vvelding 
Flash vvelding

Figure 4.34Some of the more common welding processT61!

When using spot, seam, or projection welding, these steels can be welded 

with current and time settings similar to those used with low-carbon steeb 

Higher electrode force may needed, however, because of the higher strength of 

the steel. Higher up setting force may be required with flash or upset welding 

for the same reason, but other welding variables should be similar to those used 

for low-carbon steel. Preheat or post heat cycles may be helpful during 

resistance welding of some HSLA steels to avoid excessive hardening of the 

weld and HAZ. In general, the welding processes used to join HSLA steels 

should be selected with consideration for the following:

• Strength requirements of weld metal.

• Weld metal behavior during multipass welding.

• Toughness requirements.

• Propensity for weld-metal and HAZ cracking.
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However the welding processes and parameters used in this work for 

welding high strength low alloy (HSLA) NIONIKRAL70 steel will be 

mentioned in the second part of the thesis.

4.4 Conclusion

• Both chapters 3& 4 have been constructed to cover the most 

important issues concerning applications, properties, and 

weldability of HSLA steel. From the wide range of information 

source used which exceeds 90 different references of the last three 

decades, it could be concluded that HSLA steel is one of the most 

important types of structural steels and still used in many different 

apphcations such as, pressure vessels, bridges, cars, trucks, cranes, 

platforms and other structures.

• HSLA steels vary from other steels in that they are made to meet 

all requirements for ductility, weldability and toughness. These 

steels have yield strengths which can be anywhere between 250- 

590 MPa with an increased strength-to-weight ratio over standard 

steels.

• However, studying the evaluation of weldability of this type of 

steel in particular avoidance of cold cracking phenomenon leads 

through these two chapters to many important factors which could 

minimize the risk of having such a serious problem in the welded 

joints of HSLA steel.

• In brief it could be said that the previous part of this thesis is a 

near theoretical back ground of the experimental work, and for 

more details one coulđ refer to the mentioned references.
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5. Weldability Testing-Experimental Procedure

5.1 Measures to avoid cold cracking phenomenon

Bearing in mind that the three main factors responsible for the creation of 

cold crack sensitive microstructure, diffusion of hydrogen and stress, it is clear 

that the measures taken to avoid cold cracking phenomenon can be divided into 

three groups: measures to regulate the structure of the weld, measures to 

reduce the amount of hydrogen in the weld or weld zone and measures to 

reduce the stresses caused by welding.

It is known that the probability of formation of cold crack grow larger as 

the higher the carbon content and alloying elements that increase the tendency 

toward hardening increase.

However from the standpoint of the most sensitive structure armealing 

could reduce the risk of cold cracks. It is necessary to take measures to reduce 

the amount of low temperature transformation products of austenite - 

martensite and lower bainite , to ređuce tetragonal martensite , to reduce the 

austenite grain size , to reduce segregation at austenite grain boundaries 

(especially in multi-layer welding) and to provide a second order stress 

relaxation at the grain boundaries.

These requirements are achieved by:

-Selection of alloying base metal and weld metal, which can provide a 

homogeneous chemical, and structural composition. This implies the presence 

of slag and orientation of layers that act as stress concentrators.

-Reduction of hydrogen content in base metal and weld metal in 

particular.

-Using special additional wires and powders, multi-layer welding 

electrodes in the swinging movement of automatic welding, the pulsed current
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welding regime (at small thickness of metal) and the selection of optimum 

welding regimes allow to obtain a uniform grain structure of weld metal.

Fmallv, it should be noted that modem metallurgy and welding 

technology, and rnodern thermal treatment may with great probability to 

prevent occurrence of cold cracking even in high strength steel.

5.2 Investigating of susceptibility of NIONIKRAL-70 steel to cold cracking

Recognizing that knowledge of cold cracks in steel formed as a result of 

three factors (microstructure, content of hydrogen diffusion and charge ) access 

to the calculation of the sensitivity of NIONIKRAL-70 steel to cold cracking , 

using the empirical formula, which itself includes the influential factors. The 

influence of chemical composition, i.e. Alloying elements on the occurrence of 

cold cracking is determined by the value of carbon equivalent.

Of the many expressions to calculate the carbon equivalent, while 

investigating susceptibility of NIONIKRAL-70 steel to cold cracking, used the 

terms recommended by the International Institute of VVelding (IIW) and the 

expression for this class of steel developed by Ito and Bessy.

CE =  C +  M n / 6  +  (C r +  Mo +  V) /  5  +  (N i +  C u) /  5  (IIW ) (5 .1 )

Si Mn + Cr + Cu Ni Mo V
Ce = C + 30 + -----20-----+ 60 + T5 + 10 + 5B('t0 aUd BeSSy)(5'2)

The same authors (Ito and Bessy) introduced anther parameter (Pp), 

which encompasses the influence of chemical composition (by Ce value), the 

content of hydrogen diffusion and the coefficient of rigidity of the welded joint.

Pp parameter expression is as follows:

Pp =  Ce +  H /6 0 + K /4 0 * 1 0 3 (5 .3 )

Where: Ce - the carbon equivalent of Ito and Bessy formula H - Hydrogen 

content (ml/lOOg)
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K- Stiffn ess co efficien t with b u t jo in ts  K =  6 6 S  (5 .4 )  

S- Thickness (mm)

Table 5.1 contains data on the carbon equivalent and Pp parameter for all 

batches made of NIONIKRAL-70 steel.

Table 5.1Details of carbon equivalent and Pp parameter for the NIONIKRAL-70 steel

B atch  N o. C E  (IIW ) C e (Ito  & B essy ) Pp

180079 0.67 0.25 0.38

180080 0.66 0.25 0.38

180226 0.63 0.25 0.38

180227 0.67 0.28 0.41

NN-70 0.74 0.30 0.4(0.43)

For calculations the parameters calculated with hydrogen diffusion 

content of 6 ml/lOOg, and the stiffness coefficient is taken for sheet of 18mm 

except for the last value of (NN-70) where the parameter is calculated for the 

worst case, i.e. the thickness of 30 mm.

However the values of Pp parameter indicated that it is steel in which may 

be expected to cold cracking and the diagram given in Figure 5.1 will be 

required to provide preheating to a temperature about 200 *C.
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Figure 5.1Influence of preheating temperature on welded steel 
(•with crack, o without crack)

5.2.1 CTS (Controlled Thermal Severity) test

The method details already explained in chapter 4. In this stuđy to test the 

sensitivity of steel NIONIKRAL-70 to cold cracking through CTS probe 18 mm 

thickness sheets were used from both 180079 and 180080 batches. It was 

experimented with electrodes (TENACITO 75 - TENACITO 80) and electrodes 

diameters of 3.25 and 4.0 mm. Table 5.2 provides an overview of CTS welding 

test with calculated welding heat input in (J/cm) for each seam.
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Table 5.2Welding result review of CTS-test probe

B a tch
No.

E ie c tro d e D ia m etcr
(mm)

S a m p ic
code

B r ith e rm a l ( 2D ) T r ith e rm a i
(3 D )

H eat In p u t A B H eat E n erg y C D
(J/cm ) (J/cm )

18
00

79

T E N A C IT O
75

4 1.7 9 1 2 4

oau
O«u

13487

o
csu

uco
03

2 .7 14770 13487
3 .7 15510 13487

T E N A C IT O
80

4 4 .7 14770 15510
5 .7 14770 12480
6 .7 14100 14770

T E N A C IT O
75

3,25 7.7 15510 18247

8.7 18247 16326
T E N A C IT O

80
3,25 9 .7 14770 16326

10.7 17233 16233
T E N A C IT O 4 1.8 16326

U U
14770

u u

75 2 .8 16326 z z 16326 z
oz

3 .8 15510 16326
T E N A C IT O 4 4 .8 17233 14770

5Co 80 5 .8 17233 13487oX 6 .8 15510 14770
T E N A C IT O 3,25 7.8 13235 13235

75 8.8 13235 13235
T E N A C IT O 3,25 9 .8 8653 10714

80 10.8 13235 13235

Preparations for microscopic examination were done after seven days 

from welding. Two from brithermal weld (A and B) and two from trithermal 

weld (C and D). Samples were prepared by grinding, polishing and etched 5% 

solution of nitric acid in alcohol. At the optical microscope of 80 preparations 

were examined with magnification up to 500 times.

However for both batches of NIONIKRAL-70 steel weldeđ with the two 

different diameter electrodes, no cold cracks were found. Figure 5.2 and Figure 

5.3, show a few characteristic structures of the two welds brithermal and 

trithermal. For a number of products hardness was measured and change 

characteristic diagrams are given in Figure 5.4, Figure 5.5, Figure 5.6 and 

Figure 5.7 respectively. However hardness đistributions comparison between 

the batches (180079 and 180080) is illustrated in Figure 5.8, Figure 5.9, Figure 

5.10 and Figure 5.11 respectively.
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100X

Base material

200X

200X

HAZ

HAZ

Figure 5.2Microscopic images of CTS test brithermal sample (8.8)
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200X

200X

200X

Base material

Base material

HAZ

Figure 5.3Microscopic images of CTS test trithermal sample (2.7)
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Weld metal Haz Base metal

A- Brithermal Sample

Distance form weld center line (mm)

Weld metal I Haz I Base metal

V.__________________ /

Figure 5.4Change of hardness through the section of the CTS probe sarnple (9.7)
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350

300
>
X

250

200

(Horizontal sample)

*

Hardness distributionj

i
10

Distance from weld center line

W eld metall Haz | Base metal

C- Trithermal Sample

350

300-
>I

250

200

(Vertical sample)

/ \

Hardness distnbution

10

Distance from weld center line

Basemetal llaz Wcld metal

Figure 5.5C hange of hardness through the section  o f the C TS probe sam ple (9.7)
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(Horizontal sample)

>i

350-

300-

250-

200

Weld metal
(-------------\

------------ 1---------------------->----------------------r
5 10

Distance from weld center line

Haz j Base metal

A- Brithermal Sample
(Vertical sample)

200 -I------------

Weld metal

5 10

Distance from weld center line
Haz | Base metal

Figure 5.6 C hange of hardness through the section  o f the C T S probe sam ple (9.8)

105





Chapter 5 Weldability Testing-Experimental Procedure

>x

350-

300-

250-

200

W eld metal
-------------V

---------1----------------- 1----------------- r5 10
Distance from weld center line

Haz I Base metal

C- Trithermal Sample

Base metal Haz Welđ metal

s

Figure 5.7 C hange of hardness through tlre section  o f the C TS probe sam ple (9.8)
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Figure 5. 8 Hardness distributions of batches (180080,180079), horizontal brithermal
samples (9.7, 9.8)

Figure 5. 9 Hardness distributions of batches (180080,180079), vertical brithermal
samples (9.7, 9.8)
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Figure 5.10 Hardness distributions of batches (180080,180079), horizontal trithermal
samples (9.7, 9.8)

Figure 5.11 Hardness distributions of batches (180080,180079), verhcal trithermal
samples (9.7, 9.8)
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5.2.2 Intersection test-method and extent of testing

Intersection testing is one of the oldest tests recommended by the 

Intemational Institute of VVelding. It is a very widely used in U.S laboratories. It 

is intended to verify the occurrence of cold cracking under the trail or in the 

heat affected zone, close to the junction.

Figure 5.12 shows the appearance, size and order of the application of 

intersection probe which is more sensitive than CTS probe. However the testing 

(eye examination, preparation for microscopic e^amination, and hardness) is 

similar to that of the previous case.

The scope of this study was the same as the CTS-probe, and detailed 

information about the experiment is given in Table 5.3. For a number of 

products on the microscope examination revealed the existence of crack. 

Analysis of the spatial position and direction indicated the appearance of warm 

(HC) and cold cracks (CC). Warm crack extended through additional metal 

(HC-AM), while the cold cracks located in the heat affected zone (CC-HAZ). In 

the experiment welds, hot cracks were discovered in the first and second, while 

the cold in the second, third and fourth welds.

Figure 5.12 a) Intersection testing b) microscopic preparation
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Table 5.3Review of welded samples of the cross-test probe

Batch
No.

Electrode D ianietcr
(nini)

Sarn.
code

Heat Input 
(J/cm)

VVelds metallographic

1 2 3 4 1 2 3 4
TENACITO 4 15 17935 16418 19075 15865

75 16 16583 15789 19527 17098
17 17742 16837 19412 17742

TENACITO 4 12 16583 16019 18033 18232
o 80 13 16256 15865 18644 17098o00 14 17935 17010 19075 18232 CC-HAZ

TENACITO 3,25 0 10548 8562 9482 9766 HC-AM

75 4 9482 9294 9615 10000
TENACITO 5 10000 10548 8928 9294 HC-AM

80 6 10593 10548 10822 10204 IIC-AM CC-HAZ

TENACITO 4 18 17098 16836 19075 17553 CC-IIAZ

75 19 17188 17010 18232 18232 HC-AM CC-IIAZ

20 18132 17935 18232 17935
TENACITO 4 9 17010 14224 16500 1843600o 80 10 16019 16500 17098 17742o00 11 16019 16176 18857 19412
TENACITO 3,25 1 11062 9842 9652 9294 CC-IIAZ

75 2 10730 10000 8928 9842 HC-AM

TENACITO 3,25 7 10373 8772 9652 9470 HC-AM

80 8 10548 10373 9804 10000 HC-AM

Noted that in the above table 5.3:

• CC-Cold Crack

• HC- Hot Crack and

• AM - Additional Material

Figure 5.13 shows the characteristic of hot cracks and Figure 5.14 shows 

those of cold cracks respectively. In addition to metallographic analysis, change 

in hardness of welded joints was measured. Figures 5.15 shows change of 

hardness through the test preparation number 13 (batch 180079, electrode T-80, 

04mm).
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100X

100X

200X

a) Sample 6.7 weld metal crack

b) Sample 6.7 weld metal crack

c) Sample 7.8 weld metal crack

Figure 5.13 Cracks in cross-probe samples a) weld metal crack b) weld metal crack
and c) weld metal crack

111





Chapter 5 VVeldabilihj Testing-Expenmental Procedure

200X

a) Sample 12.7 crack at the junction

200X

b) Sample 1.8 crack in the HAZ

Figure 5.14 Cold cracks (cross-shaped probe). a) Sample 12.7 crack at the junction and
b) Sample 1.8 crack in the HAZ
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350 -

300 -

>
X

250 -

200 -

10

W eld
metal

15

HAZ Base
metal

~ r
20

HAZ

2 5  (mm )

Weld
metal

350 -

300-

>X
250

2 0 0 -

I
10

W e ld
m e ta l

15 20
1-------1
!5 (mm)

H A Z B a se
m e ta l H A Z W e ld

m e ta l

Figure 5.15 Change of hardness tlarough the test preparation number 13(batch 180 079,
additional material T-80, 04mm)
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5.2.3 Y-Probe method

The details of Y-Groove test, was already given in chapter 4. However the 

main purpose of the probe allowed the study of diffused hydrogen content and 

additional optimization of material selection and choice of the minimum 

preheat temperature at which still no occurrence of cold cracking.

Experiments were done with two batches of base material (180 079 and 180 

080) with two kinds of electrodes (TENACITO 75 and TENACITO 80) and four 

preheating temperatmes. The samples were preheated at 20 ° C, 100 ° C, 150 ° C 

and 200 ° C. Before welding as in previous cases, the electrodes were dried at 

350 0 C for three homs.

The heat input of the applied welding was calculated by and preheating 

temperatmes were precisely measured. Tables 5.4 and Table 5.5 show the basic 

data on welded test specimens "Y" probe, with the results of metallographic 

analysis.

The results of metallographic analysis and hardness changes diagrams the 

welded joints through Y-probe for different preheating temperatures are 

obtained and shown in (Figure 5.16, Figure 5.17 and Figure 5.18) while the 

detected cold cracks are shown in Figure 5.19.
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— VVithout preheating

350-

>I
co 300- 
co (1) c 
T3
c—
CT3I

250 -

▲

1------------------1----------------- 1~5 10 T "
15 20

Base
metal

HAZ Weld
metal

HAZ Base
metal

— i25
(mm)

>i
0)md)c■o
I

— 4 —  Preheating temperature (100°C)

10 20

Base
metal HAZ Weld

metal
HAZ Base

metal

(mm)

Figure 5.16 Influence of preheating temperature on hardness change through welded 
compound Y-probe (batch 180079 electrode T-80, 04 mm)
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B a s e
m e ta l

10

H A Z W e ld
m e ta l H A Z

I 1
20

(mm)
B a s e
m e ta l

Figure 5.17 Influence of preheating temperature on hardness change through welded 
compound Y-probe (batch 180079 electrode T-80, 04 mm)
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Figure 5.18 Comparison of the influence of preheating temperature on hardness 
change through welded compound Y-probe (batch 180079 electrode T-80, 04 mm)

117





Chapter 5 Weldability Testing-Expenmental Procedure

Table 5.4Review and surveyed of welded samples of Y-probe batch 180079

B asic

M aterial

E lectro d e S am p le

cod e

T e m p e ra tu re

(°C)

H e a t

in p u t

(J/cm )

M e ta llo g ra p h ic

F in d in g

o.o

TENACITO

75

(04 mm)

7

20

14348

8 14348

9 14348

19

100

19412

20 20625

21 19412 CC-HAZ

34

150

2062 5

35 23571 CC-HAZ

36 20625

46

200

22000

47 23571 CC-HAZ

48 19412
ooo
tH

10 15000

11 20 15000

12 13750

22 18333
TENACITO 23 100 19412 CC-HAZ

80 24 20625
(0 4mm) 31 22000

32 150 22000

33 23571

43 25385

44 200 23571

45 23571
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Table 5.5Review and surveyeđ of welded samples of Y-probe batch 180080

B atch

N o.

E lectro d e Sam .

cod e

T em p e ra tu re

(°C)

H e a t in p u t  

(J/cm )

M e ta llo g ra p h ic

F in d in g

TENACITO

75

(04 mm)

4

20

15000

5 14348 CC-HAZ

6 13750 CC-HAZ

16

100

17368

17 18333

18 '9412

28

150

23571

29 20625

30 25385 CC-HAZ

40

200

20625

41 22000 CC-HAZ

42 23571

o
TENACITO 1 14348 CC,Lcmgitudinal

o©o 80 2 20 15744 M

00
(0 4mm) 3 16500 M

13 18333 M

14 100 18333

15 18333

25 18333

26 150 20625

27 23571 CC-HAZ

37 17368

38 200 19412

39 20625

49 17368 CC,Longitudinal

50 20 16500 11

51 20625 11
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500X 200X

a) Sample 5 cracks in HAZ b) Sample 48 cracks in HAZ

200X 200X

c) Sample 21 cracks in HAZ d) Sample 23 cracks in HAZ

Figure 5.19 Detected cold cracks in Y-probe testing

5.2.4 Cabelka-Million probe, description and scope of testing

This test is used to evaluate the tenđency of steel to the specific type of 

cold crack, so called (late-breaking crack). In welded joints of high strength steel 

cracks occur late in roughly kernel martensite, obtained by cooling from the 

highest temperature austenite. However another important cause of delayed 

crack the acting tensile force component normal to the đirection of propagation 

of the crack. The incubation period of delayed cracking depenđs on the 

direction and size of the local stress.
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In order to investigate the sensitivity of NIONIKRAL-70 steel to delayed 

cracking experimented with samples from batches 180079, 180080. The used 

electrodes are TENACITO-75 and TENACITO-80, with a diameter of (03, 

25mm). The main welding parameters were: intensity of current 120-140 A and 

welding voltage 20-40 V.

To calculate sensitivity of steel to the phenomenon of delayed cracking 

requires two parts: a thorn (Figure 5.20 a) and conical ring (Figure 5.20 b) 

which are made of a material to be tested. The construction of these elements is 

so constructed that it can be welded mandrel head with the upper edge of the 

ring. Welding is performed to make a separate double chamber which is cooled 

by water (Figure 5.21).

However the function of these devices is to prevent strong heating of the 

samples so as to reduce the rate of cooling of the sample, which woulđ 

correspond to real conditions of welding. Welding pins and rings in the display 

make it simulate real welding conditions. After welding, specimens shall be 

promptly placed in the tool where the rupture strains (Figure 5.22). In a series 

of ten test tubes load is reduced until the test tube does not shoot enough and 

long-time loads (more than 104 min).Test results according to the method 

Cabelka-Millio are shown in Table 5.6 and the tighten-time diagram is 

illustrated in Figure 5.23.
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a b

76 '

Figure 5. 20Cabelka-Million probe for testing delayed cracking

Figure 5.21 Gadget for welding tubes

Figure 5. 22 Cabelka-Million probe tool for testing
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Table 5.6Results of Cabelka-Million method
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Figure 5. 23 Results of Cabelka-Million test probe

5.3 Conclusion

• Based on the susceptibility testing of NIONIKRAL-70 steel to colđ 

cracking it could be concluded that for this HSLA steel there is a 

risk of cold cracking.

• Although CTS testing probe did not indicate such a conclusion, 

further investigations of intersection probe showed that it is more 

sensitive than CTS probe and the occurrence of cold cracking iia 

welded joints of NIONIKRAL-70 steel can occur.

• The increased preheating temperature of 200 0 C in Y-Groove test 

causes a clear reduction in the hardness distribution which was in 

the range (250-270 HV) in both weld metal and HAZ of the welded 

joints of (batch 180079 electrode Tinacito-80, Đ4 mm) which could 

reduce the probability of having such a crack.
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• Through the “Y "  probe investigating this study indicates some 

(minimal) differences in behavior of testing batches 180 080 and 

180 079.

• "Y "  probe, carried out at different preheating temperatures proved 

to be selective and gave a realistic picture of the behavior of 

welded joints. Based on the results, "Y "  probe were observed 

(albeit minimal) benefits of batch 180 080 compared with 180 079 

and electrođe batch TENACITO-80 compared with TENACITO-75, 

from the standpoint of susceptibility to cold cracking. According to 

the values of carbon equivalents (CE, Ce and Pp) and the results 

obtained by various technological tests; we can say that there is a 

risk of cold cracking.

• From the comparisons between the two steel batches 

(180079&180080) of the CTS test it could be concluded that for the 

case of brithermal (2D) the hardness distribution was almost the 

same for both batches despite the heat input increasing. However 

for the case of trithermal (3D) the WM hardness was higher in the 

batch 180079 with heat input of (14770 J/cm) whereas its HAZ 

hardness was a bit lower than that of batch 180080 with heat input 

of (8653 J/cm).

• Cabelka-Million test probe results unequivocally demonstrated 

that batch of 180 079 more sensitive to the phenomenon of delayed 

cracking than batch 180 080. In any case, the fact remains that 

when welding NIONIKRAL-70 steel should take precautions to 

reduce the risk of occurrence of cold cracking.
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• Finally analysis of results shows that the NIONIKRAL -70 steel 

within the limits of chemical composition and thickness up to 30 

mm with other mechanical and technological characteristics puts 

the newly conquered steel the most promising liigh-strength steel 

meant for shipbuilding and manufacture of pressure vessels.
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6. Evaluation of HSLA Steel Wedability using Taguchi Method for 

DOE

6.1 Introduction

Design of Experiment (DOE) is a powerful statistical technique for 

improving product/process designs and solving production problems. A 

standardized version of the DOE, as forwarded by Dr.Genichi Taguchi, allows 

one to easily learn and apply the technique product design optimization and 

production problem investigation. Since its introduction in the U.S.A. in early 

1980's, the Taguchi approach of DOE has been the popular prođuct and process 

improvement tool in the hands of the engineering and scientific 

professionalsl86]

6.2 Taguchi method for the optimization of process parameters

Optimization t87l of process parameters is the key step in the Taguchi 

method for achieving high quality without increasing cost. This is because 

optimization of process parameters can improve quality characteristics and the 

optimal process parameters obtained from the Taguchi method are insensitive 

to the variation of environmental conditions and other noise factors. Basically, 

classical process parameter design is complex and not easy to use. However the 

flowchart of the Taguchi method for DOE is illustrated in Figure 6.1, and its 

main general steps t88l could be summarized as the following:

• Define the process objective, or more specifically, a target value for 

a performance measure of the process.

• Determine the design parameters affecting the process.

• The number of levels that the parameters should be varied at rnust 

be specified.

• Create orthogonal arrays for the parameter design inđicating the 

number of and conditions for each experiment.
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• The selection of orthogonal arrays is based on the number of 

parameters and the levels of variation for each parameter, and will 

be expounded below.

• Conduct the experiments indicated in the completed array to 

collect data on the effect on the performance measure.

• Complete data analysis to determine the effect of the different 

parameters on the performance measure.

Figure 6. lTaguchi method for DOE flowchart I88]

A large number of experiments have to be carried out when the number of 

process parameters increases. To solve this task, the Taguchi method uses a 

special đesign of orthogonal arrays to study tlie entire process parameter space

128





Chapter 6 Evaluation ofHSLA Steel Weldability using Taguchi M ethodfor DOE

with a small number of experiments only. A loss function is then defined to 

calculate the deviation between the experimental value and the desired value. 

Taguchi recommends the use of the loss function to measure the deviation of 

the quality characteristic from the desired value. The value of the loss function 

is further transformed into signal-to-noise (S/N) ratio.

Usually, there are three categories of the quality characteristic in the 

analysis of the S/N ratio, i.e. lower-the better, higher-the-better and nominal- 

the better. The S/N raho for each level of process parameters is computed 

based on the S/N analysis. Regardless of the category of the quality 

characteristic, a larger S/N ratio corresponds to a better quality characteristic. 

Therefore, the optimal level of the process parameters is the level with the 

higher S/N ratio. Furthermore, a statistical analysis of variance (ANOVA) is 

performed to see which process parameters are statistically significant. The 

optimal combination of the process parameters can then be predicted. Finally, a 

confirmation experiment is conducted to verify the optimal process parameters 

obtained from the process parameter design.

6.2.1 Orthogonal arrays I89l

Taguchi method is based on performing evaluation or experiments to test 

the sensitivity of a set of response variables to a set of control parameters (or 

independent variables) by considering experiments in " orthogonal array" with an 

aim to attain the optimum setting of the control parameters. Orthogonal arrays 

provide a best set of well balanced (minimum) experiments. Table 6.1 shows 

eighteen standard orthogonal arrays along with the number of columns at 

different levels for these arrays. An array name indicates the number of rows 

and columns it has, and also the number of levels in each of the columns. For 

example array Li (23) has four rows and three "2 level” columns. Similarly the 

array Lis (2137) has 18 rows; one "2 level" column; and seven "3 level" columns. 

Thus, there are eight columns in the array Lis. The number of rows of an 

orthogonal array represents the requisite number of experiments. The number of

129





Chapter 6 Evaluntion ofHSLA Steel Weldability using Taguchi M ethodfor DOE

rows must be at least equal to the degrees of the freedom associated with the 

factors i.e. the control variables. In general, the number of degrees of freedom 

associated with a factor (control variable) is equal to the num ber o f levels fo r  that 

factor minus one. For example, a case study has one factor (A) with "2 levels” (A), 

and five factors (B, C , D, E, F) each with "3 levels". Table 6.2 depicts the degrees 

of freedom calculated for this case. The number of columns of an array 

represents the maximum number of factors that can be studied using that array.

Table 6.1 Standard orthogonal arrays I89J

Orthogonal

array

Number 

of rows

Maximum 

Number 

of factors

Maximum number of columns at these 

levels

2 3 4 5

L4 4 3 3 - - -

L8 8 7 7 - - -

L9 9 4 - 4 - -

L12 12 11 11 - - -

L16 16 15 15 - - -

L16 16 5 - - 5 -

L18 18 8 1 7 - -

L25 25 6 - - - 6

L27 27 13 - 13 - -

L32 32 31 31 - - -

L32 32 10 1 - 9 -

L36 36 23 11 12 - -

L36 36 16 3 13 - -

L50 50 12 1 - - 11

L54 54 26 1 25 - -

L64 64 63 63 - - -

L64 64 21 - - 21 -

L81 81 40 - 40 - -
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Table 6.2The degrees of freedom for one factor (A) in "2 levels"  and five factors (B, C, D,
E, F) in "3 levels"  M

Factors Degrees of freedom

Overall mean 1

A 2-1=1

B,C,D,E,F 5x(3-l) = 10

Total 12

6.2.2 Static problems

Generally, a process to be optimized has several control factors (process 

parameters) which directly decide the target or desired value of the output. The 

optimization then involves determining the best levels of the control factor so 

that the output is at the target value. Such a problem is called as a "STATIC 

PROBLEM". This can be best explained using a P-Diagram Figure 6.1 which is 

shown below ("P" stands for Process or Product). The noise is shown to be 

present in the process but should have no effect on the output. This is the 

primary aim of the Taguchi experiments - to minimize the variations in output 

even though noise is present in the process. The process is then said to have 

become ROBUST.

Figure 6.2 Diagram for static problems P°]
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6.2.3 Signal to noise (S/N) ratio

There are three forms of signal to noise (S/N) ratio that are of common interest for 

optimization of static problems.

• Smaller-the-better, this is expressed as 

rij = -10 Logio lmean ofsum ofsquares o f measured data] (6.1)

This is usually the chosen S/N ratio for all the undesirable characteristics like 

“defects” for which the ideal value is zero. When an ideal value is finite and it's 

maximum or minimum value is defmed (like the maximum purity is 100% or the 

maximum temperature is 92 C or the minimum time for making a telephone connection 

is 1 sec), then the difference betvveen the measured data and the ideal value is expected 

to be as small as possible. Thus, the generic form of S/N ratio becomes,

nj = -10 Logio [mean ofsum ofsguares o f {measured-ideal}] (6.2)

• Larger-the-better

The loss function of the higher the better quality characteristic can 

be expressed as:

LtJ (6.3)

Where Lq, is the loss function of the ith quality characteristic in tlie 

jth experiment, n the number of tests, and y ijk the experimental 

value of the ijth quality characteristic in the jth experiment at ktlr 

test.

n j= —101og10 [mean o f  su m  o f  s q u a re s  o f  r e c ip ro c a l o f  m e a s u r e d  data] (6.4)

This is often converted to smaller-the-better by taking the reciprocal of the 

measured data and next, taking the S/N ratio as in the smaller-the-better case.
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• Nominal-the-best

This is expressed as

nj = —10 lo g 1Q
s q u a re  o f  m ea n  

v a ria n ce
(6.5)

This case arises when a specified value is the most desired, meaning that 

neither a smaller nor a larger value is desired.

6.2.4 Analysis of Variance ANOVA

The purpose of ANOVA [871 is to investigate which welding process 

parameters significantly affect the quality characteristics. This is accomplished 

by separating the total variability of the S/N ratios, which is measured by the 

sum of squared deviations from the total mean of the S/N ratio, into 

contribution by each of the welding process parameter and the error. The 

percentage contribution by each of the welding process parameters in the total 

sum of the squared deviations can be used to evaluate the importance of the 

process parameter change on the quality characteristic.

For the analysis of variance ANOVA of the orthogonal array L4 (23) which used 

in this work:

Mean of sum of main characteristic (yijk),

m = /  fjijk l  + Vijk2 4------byijkn) (6.6)
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™ Ai  =  \ ( y u k i  +  y tjk 2 ) (6.7)

™ A2 =  ^ (y u k 3  +  y u k d (6.8)

™-b i  =  \ ( y m i  +  y i j k s ) (6.9)

™ B2 = - f ( y i j k 2  + y i j k d (6.10)

™ c i  =  \  ( y i j k i  +  y ijk 4 ) (6.11)

m C2 =  2 (y ijk 2  +  y ijk 3 ) (6.12)

Grand total sum of squares: Y u = i n j (6.13)

Sum of squares due to mean: Z t = i  m 2 (6.14)

Total sum of squares: Hf=1(n;- — m)2 (6.15)

Stun of squares due to A: 2 'Z t = i im Ai ~  m ) 2 (6.16)

Sum of squares due to error: Z t = i  e t (6.17)
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6.3 Optimal selection of process parameters using Taguchi method

Optimization of process parameters f91] is the key step in the Taguchi's 

method to achieve high quality without increasing cost. This is because, 

optimization of process parameters can improve quality characterishc and 

optimal process parameters obtained from Taguchi method are insensitive to 

the variation of environment conditions and other noise factors.

6.3.1 Fracture toughness quality characteristic case

In metallurgv, fracture toughness f92J refers to a property which describes 

the abihty of a material containing a crack to resist further fracture. It is a 

quantitative way of expressing a material's resistance to brittle fracture when a 

crack is present.

Fracture toughness is an inđication of the amount of stress required to 

propagate a pre-existing flaw.

Flaws may appear as:

• Cracks

• Voids

• Metallurgical inclusions

• Weld defects

• Design discontinuities

A parameter called the stress-intensity factor (K) is used to determine the 

fracture toughness of most materials. The stress intensity factor is a function of:

• Loading

• Crack size

• Structural geometry
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However in the present study manual metal arc (MMA) welđing process, 

two electrodes TENACITO 75 and TENACITO 80 have been used to strike an 

electrical arc with base metal. The welđing process is used to weld the base 

metal of NIONIKRAL-70 steel through four trials of Y-Groove test. The 

chemical composition and mechanical properties of the base metal steel are 

given in Table 6.3 and Table 6.4 respectively.

Table 6. 3 Chemical composition of the selected NIONIKRAL -70 steel in Wt%

Mtrl c Si Mn P S Cr Ni Cu A1

% 0.106 0.209 0.220 0.005 0.0172 1.2575 2.361 0.246 0.007
Mo Ti As V Nb Sn Ca B Pb w
0.305 0.002 0.017 0.052 0.007 0.014 0.0003 0 0.0009 0.0109

Sb Ta Co N

0.007 0.009 0.0189 0.0096

Table 6. 4 Mechanical properties of the NIONIKRAL-70 steel

Specimen

orientation

Yield stress
Tensile

strength

Rpo.2, MPa Rm, MPa
BM 780 820

Parallel to rolling WM 718 791

HAZ 750 800

6.3.2 Orthogonal array experiment

In the present study, two- levels process parameters i.e. preheating 

temperature, heat input and electrode strength are considered. The values of 

the welding process parameters are listed in Table 6.5. The total degrees of 

freedom of all process parameters are 3. The degrees of freedom of the 

orthogonal array should be greater than or at least equal to the degrees of 

freedom of all process parameters. Hence, L4 (23) orthogonal array was chosen
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which has 3 degrees of freedom. This is shown in Table 6.6. However four 

experiments are conducteđ based on the orthogonal array, instead of 8 

possibilities.

Table 6. 5Welding parameters and their levels (MMAW process)

Symbol Proeess

Parameter

Level

1

Level

2

A

Preheating

Temperature

(°C)

Room

Temp. (20'C) 200°C

B

Heat Input 

(KJ/cm) 10 15

C

Electrode

strength(N/mm2)

Tenacito80

850

Tenacito75

720

Table 6. 60rthogonal array type L4 (23)

Experiment

number
A B C

1 1 1 1
2 1 2 2

3 2 1 2
4 2 2 1

As discussed earher, the weld fracture toughness belongs to the higher- 

the-better quality characteristic (Eq. 6.3 and Eq. 6.4). The fracture toughness of 

the welded joints is measured for each experiment trial and the results are 

shown in Table 6.7. The corresponđing S/N raho for the four experiments is 

shown in Table 6.8 and the mean S/N ratios for the three parameters two levels 

are calculated as shown in Table 6.9.
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Table 6. 7 Experimental observations of fracture toughness

Trial number Fracture Average values of

toughness fracture toughness

(MPaVm) (MPaVm)

1 36, 33, 32 33.666

2 56, 63, 58 59

3 68, 75, 74 72.333

4 88, 77, 92 85.666

Table 6. 8 S/N ratio of experimental fracture toughness results

Trial number S/N (db)

1 30.5438

2 35.4170

3 37.1867

4 38.6561

Table 6. 9 Mean S/N ratio for the parameters

Level Factor A Factor B Factor C

1 32.9804 33.8652 34.5999

2 37.9214 37.0365 36.3018

6.3.3 Analysis of Variance (ANOVA)

The purpose of ANOVA in Taguchi method as mentioned previously is to 

investigate which welding process parameters significantly affect the quality 

characteristics (Eq. 6.6 - Eq. 6.17). The results of the ANOVA of this study are 

shown in Table 6.10. Both of percentage contribution and S/N ratio charts have 

been plotted as illustrated in Figure 6.3 and Figure 6.4 respectively.
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Table 6.10 Results of the ANOVA

Symbol Degree

of

freedom

Sum of 

squares

Mean

square

%

Contribution

A 1 1067.064 1067.064 72.25

B 1 373.804 373.804 25.31

C 1 36 36 2.43

Error 0 0 -

Total 3 1476.868 100%

Pie chart for percentage contribution

■ Preheating (%)

■ Heat input (%) 

Electrode strength (%)

Preheating (%)
72.25

Figure 6. 3 Percentage contributions of parameters
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S/N ratio graph

Figure 6. 4 S/N Ratio graph for fracture toughness case

6.3.4 Taguchi method of toughness quality characteristic

In this study impact testing results obtained by instrumented Charpy 

pendulum. The total impact energy, as well as crack initiation and crack 

propagation energies, are measured at four experiment trials with the same 

welding conditions that used with the fracture toughness case as shown 

previously in Table 6.5 The results of the toughness measurements are shown 

in Table 6.11. However crack initiation energy is higher than crack propagation 

energy at all parameter combinations of the four experiment trials.

Table 6. llExperimental observations of impact toughness

Trial number Initiation Energy 

0)

Propagation 

Energy (J)

Total Energy

(J)

1 24 16 40

2 36 26 62

3 45 32 77

4 58 43 101
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Considering the obtained total impact energy as a quality characteristic, Taguchi 

metlaod has been apphed similarly to the previous fracture toughness case in 

order to predict the optimal welding parameter affecting the toughness and 

therefore the weldability of the welded joints of NIONIKRAL 70 steel.

For each level of process parameters, signal-to-noise (S/N) of the "higher 

is the better" is calculated (Eqs. 6.3 and Eqs. 6.4) and the results are shown in 

Table 6.12 and Table 6.13.

Taguchi cannot judge P31 and determine effect of individual parameters on 

entire process while percentage contribution of individual parameters can be 

well determined using ANOVA. However to investigate effect of process 

parameters (preheating temperature, heat input and electrode strength) on 

quality characteristic (toughness) ANOVA has been obtained and the results are 

shown in Table 6.14.

Table 6.12 S/N ratio of experimental fracture 
toughness results

Trial number S/N (db)

1 32.0412

2 35.8478

3 37.7298

4 40.0864

Table 6 .13Mean S/N ratio for the parameters

Level Factor A Factor B Factor C

1 33.9445 34.8855 36.0638

2 38.9081 37.9671 36.7888
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Table 6.14 Results of the ANOVA for impact toughness

Symbol Degree

of

freedom

Sum of 

squares

Mean

square

%

Contribution

A 1 1444 1444 73.15

B 1 529 529 26.79

C 1 1 1 0.05

Error 0 0 -

Total 3 1974 100%

Pie chart for percentage contribution
Electrode

■ Preheating (%)

■ Heat input (%) 

Electrode strength (%)

Preheating (%) 
73.15

Figure 6. 5 Percentage contributions of parameters
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P r e h e a t in g Heat input E le c t r o d e  s t r e n g t h

Figure 6. 6 S/N Ratio graph for impact toughness case

6.5 Conclusion

• The optimization of manual metal arc (MMA) welding process 

parameters of NIONIKRAL-70 steel welds using the 

recommendation of Taguchi method was successful.

• For NIONIKRAL-70 steel the optimum energy input has been 

determined, providing maximum crack propagahon energy due to 

parametric combination of 200 °C preheahng temperature, 15 

KJ/cm heat input and TENACITO-80 elechode type.

• The results of the ANOVA show that the preheahng parameter has 

a significant influence on both fracture toughness by (72.25%) and 

on the impact toughness by (73.15%) of HSLA NIONIKRAL 70 

steel welds compared with the other two parameters.

• However this result is correlated with that of chapter 5 as shown in 

figure 5.18 where the preheating of 200 °C gave the most ductile 

microshucture compared with other lower temperatures.
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• The electrode strength of both useđ types TENACITO 75 and 

TENACITO 80 has the least effect compared with the other two 

parameters.

• It is clear reasonable that tlre plot of S/N ratio graph shows that 

heat input could also play a similar role of that of preheating by 

reducing the cooling rate resulting more ductile microstructure 

which is more preferable to avoid cold cracks.

• Despite that the orthogonal array L4 (23) to design experiments 

with three 2-level/factors which used in this work has the less 

trials among the other arrays in the standard of the Taguchi 

approach it has shown an accepted and reasonable results with less 

time and effort which are the most important goals of applying the 

technique of product design optimization.
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7. Conclusions and Future Work

7.1 Summary of Conclusions

The objectives of this thesis have required to cover knowledge of very 

wide and different areas such as welding engineering, metallurgy engineering 

and materials science. The mix of this theoretical requirement with the 

responsibility to design and implement the weldabilty tests in a laboratory to 

fulfill the experimentation necessities of this thesis work, has lead to a 

meticulous investigation exploiting several research lines in parallel. Each one 

of these research lines were developed in different chapters that, in conjunction, 

lead to one important and general conclusion: the weldability control of HSLA 

steels is entirely feasible and can produce very good performance crack-free 

results, if the main characteristics of this type of welding defect are taken into 

account and ad-hoc welding parameters are carefully chosen. Going more in 

detail, each one of the different working lines has provided important 

conclusions that are worth to mention. These conclusions are divided by 

chapters in the following paragraphs:

Chapter 2: "Literature Review"

• The study of the different previous work in this field reviews that 

preheating is necessary in welding some steel types to avoid cold 

cracking but it is also possible to weld without preheating in some 

other cases. According to the researchers results cold cracks had 

the higher percentage of the weld cracks in actual steel structures 

and the higher crack susceptibility was observed in tlie thickest 

welded metal plates. Some researchers concluded that the 

susceptibility toward cold cracking can be eliminated by usmg low 

hydrogen welding process and consumables.
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• Moreover researchers observed that cracking was always 

associated with hard, martensitic regions adjacent to the fusion 

boundary. However other researchers emphasized that lower 

diffusible hydrogen level, lower weld metal strength, lower fusion 

boundary and HAZ hardness are quite important factors to 

prevent cold cracks. Some researches indicated that the presence of 

cracks in the welded metals with the combination of increased 

hardness 230 HV and the formation of high contents of acicular 

ferrite (above 93 %).

• It is clear that the resistance to cold cracking has generally 

improved in many different high strength steel types and the steps 

needed to avoid cold cracking through control of the welding 

parameters are well established.

• In brief, chapter 2 reviews the conceptual/theoretical dimension 

and the methodological dimension of the literature in cold cracking 

avoidance and discovers research questions or hypotheses that are 

worth researching in later chapters.

Chapter 3: "Fundamentals of HSLA Steel"

• Chapter 3 has been constructed to cover the most important issues 

concerning properties, apphcations, and processing of HSLA steel. 

From the wide range of information source used which exceeds 90 

different references of the last three decades, it could be concluded 

that HSLA steel is one of the most important types of structural 

steels and still used in many different applications such as, 

pressure vessels, bridges, cars, trucks, cranes, platforms and other 

structures.
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• HSLA steels vary from other steels in that they are made to meet 

all requirements for ductility, weldability and toughness. These 

steels have yielđ strengths which can be anywhere between 250- 

590 MPa with an increased strength-to-weight ratio over standard 

steels.

Chapter 4: "Weldability and Welding Rules of HSLA Steels"

This chapter has tackled different aspects as a strong theoretical 

background related to the main goal of this thesis work especially from HSLA 

steel weldability point of view. The main conclusions of this chapter are the 

following:

• Cracks that form in and around the weld can be distinguished into 

two main categories, hot cracks and cold cracks.

• The most serious problem with hydrogen induced cracking is 

difficulty in detecting the presence of a crack.

• Many different reasons could cause cold cracking such as a 

susceptible (brittle) microstructure, the presence of hydrogen in the 

weld metal, tensile stresses in the weld areas and higher carbon 

equivalent.

• The importance of preheating technique increases with the 

thickness of the base metal because of the rapid self quenching 

capability, and with the rigidity of the welded structure because of 

the derived constraints. Preheating is more favorable for limiting 

martensite formation and its hardness, hopefully contributing to 

higher quality crack-free welds.
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• High strength low alloy HSLA steels can be welded by the entire 

commonly used arc welding process. Shielded metal arc, gas metal 

arc, flux cored arc, and submerged arc welding are used for most 

applications. Low hydrogen practices should be employed with all 

processes when carbon equivalents values inđicate susceptibility 

towards cracking.

Chapter 5: "Weldability Testing-Experimental Procedure"

• Based on the susceptibility testing of NIONIKRAL-70 steel to cold 

cracking it could be concluded that for this HSLA steel there is a 

risk of cold cracking.

• Although CTS testing probe đid not indicate such a conclusion, 

further investigations of intersection probe showed that it is more 

sensitive than CTS probe and the occurrence of cold cracking in 

welded joints of NIONIKRAL-70 steel can occur.

• The increased preheating temperature of 200 0 C in Y-Groove test 

causes a clear reduction in the hardness distribution which was in 

the range (250-270 HV) in both weld metal and HAZ of the welded 

joints of (batch 180079 electrode Tinacito-80, 04 mm) which could 

reduce the probability of having such a crack.

• Through the "Y" probe investigating this study indicates some 

(minimal) differences in behavior of testing batches 180 080 and 

180 079.

• "Y" probe, carried out at different preheating temperatures proved

to be selective and gave a realistic picture of the behavior of
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welded joints. Based on the results, "Y" probe were observed 

(albeit minimal) benefits of batch 180 080 compared with 180 079 

and electrode batch TENACITO-80 compared with TENACITO-75, 

from the standpoint of susceptibility to colđ cracking. According to 

the values of carbon equivalents (CE, Ce and Pp) and the results 

obtained by various technological tests; we can say that there is a 

risk of cold cracking.

• Cabelka-Million test probe results unequivocally demonstrated 

tlrat batch of 180 079 more sensitive to the phenomenon of delayed 

cracking than batch 180 080. In any case, the fact remains that 

when welding NIONIKRAL-70 steel should take precautions to 

reduce the risk of occurrence of cold cracking.

• Analysis of results shows that the NIONIKRAL -70 steel within 

the limits of chemical composition and thickness up to 30 mm with 

other mechanical and technological characteristics puts the newly 

conquered steel the most promising high-strength steel meant for 

shipbuilding and manufacture of pressure vessels.

Chapter 6: "Evaluation of HSLA Steel Wedability using Taguchi Method for 

DOE"

• The optimization of manual metal arc (MMA) welding process 

parameters of NIONIKRAL-70 steel welds using the 

recommendation of Taguchi method was successful.

• For NIONIKRAL-70 steel the optimum energy input has been 

determined, providing maximum crack propagation energy due to
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parametric combination of 200 °C preheating temperature, 15 

KJ/cm heat input and TENACITO-80 electrode type.

• The results of the ANOVA show that the preheating parameter has 

a significant influence on both fracture toughness by (72.25%) and 

on the impact toughness by (73.15%) of HSLA NIONIKRAL 70 

steel welds compared with the other two parameters.

• However this result is correlated with that of chapter 5 as shown in 

figure 5.18 where the preheating of 200 °C gave the most ductile 

microstructure compared with other lower temperatures.

• The electrode strength of both used types TENACITO 75 and 

TENACITO 80 has the least effect compared with the other two 

parameters.

• The plot of S/N ratio graph shows that heat input could also play 

a similar role of that of preheating by reducing the cooling rate 

resulting more ductile microstructure which is more preferable to 

avoid cold cracks.

• Despite that the orthogonal array L4 (23) to design experiments 

with three 2-level/ factors which used in this work has the less 

trials among the other arrays in the standard of the Taguchi 

approach it has shown an accepted and reasonable results with less 

time and effort which are the most important goals of applying the 

technique of product design optimization.
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7.2  Future work

• Following the investigations described in this thesis, and because 

of the variation of the factors which are affecting this serous 

welding problem, thus it is still a research field as mentioned in 

other research works (e.g. that of R. Capriotti and M. Colavita 2000, 

A D Batte and P J Boothby and FERA 2000), number of suggestions 

could be taken up:

• In order to find more accurate solutions for this welding 

phenomenon. In particular, some preliminary analysis carried out 

during this thesis, have shown that the cracks could not be 

completely avoided. Thus, it is necessary to perform more 

experiments about these factors such as welding parameters to 

discover the true link between these factors and the occurrence of 

cold cracking and, moreover, if these relationships can be unified 

with the other studies proposed in the research literature.

• Based on the possibility to weld HSLA steel using any welding 

process, it is strongly recommended to use more welding 

processes comparing with the results of this thesis work and the 

research hteratrue as well.

• Beside the weldability tests such as, CTS and Y-Groove tests which 

have been used in this thesis work to test the susceptibility of 

HSLA NIONIKRAL-70 steel toward cold cracking, it could be also 

suggested to apply other new metliods such as GOBP test 

comparing the results.
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Chapter 7 Conclusions and Future Work

• To test the performance of other types of electrodes such as 

BOHLER type and to extend the results of the TENACITO 

electrodes which used in this thesis.

• To apply Taguchi method for DOE using other orthogonal array 

type with more trials, welding parameters and levels.
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Appendix A

Appendix A

Appendix A shows the standrad details of the Y-Groove test 

according to the mentioned reference in the appendix document.

A-1





Appendix A

AWS B4.0M:2000

E6. ObIique Y-Groove Test
1. Scope
1 .1  T h e  O b I iq u e  Y -g r o o v e  te s t  (T e k k e n  T e s t )  is  a  s in g le -  

p a s s , re s tr a in e d  g r o o v e  w e ld  te s l  u se d  to  e v a lu a te  s u s c e p -  

t ib i l i ty  to  h v d r o g e n  an d  w e ld  m e ta l s o l id i f i c a t io n  c r a c k -  

in g  o f  s t e e l  w e ld m e n ts .

1 .2  T h i s  s ta n d a r d  is  a p p l i c a b le  t o  th e  f o l l o w i n g ,  w h e n  

s p e c if ie d :

( 1 )  Q u a li f ic a t io n  o f  m a te r ia ls  an d  w e ld in g  p ro c e d u r e s

( 2 )  In fo r m a tio n , b a s is  fo r  a c c e p ta n c e  a n d  m a n u fa c tu r -  

in g  q u a lity  c o n tr o l

( 3 )  R e s e a r c h  an d  d e v e lo p m e n t

1_3 T h e  u se  o f  th is  te s t  is  r e s tr ic te d  a s  fo I lo w s :

( 1 )  B a s e -m e t a l  th ic k n e s s  l im ite d  to  1 3  m m  o r  g re a te r .

( 2 )  T e s t  re s u lts  a re  a p p l ic a b le  o n ly  to  th e  b a s e -m a te -  

r ia l  th ic k n e s s  te s te d .

1 . 4  W h e n  t h is  s ta n d a r d  is  u s e d . th e  f o l lo w in g  i n f o r m a -  

t io n  sh a ll  be fu m is h e d :

( 1 )  T e s t  n u m b e r

( 2 )  W e ld in g  p ro c e d u r e  s p e c i f ic a t io n  a n d  p ro c e d u r e  

q u a lif ic a t io n  r e c o r d  n u m b e rs  ( i f  a p p l ic a b le )

( 3 )  B a s e -m e t a l  id e n t if ic a t io n :  s p e c i f i c a t io n .  h e a t n u m - 

b e r , m ill  te s t  c h e m is t r v  a n d  h e a t tr e a tm e n t

( 4 )  B a s e -m e t a l  th ic k n e s s

( 5 )  W e ld in g  p r o c e s s

( 6 )  F i l le r  m eta l id e n tif ica tio n . s p e c if ic a tio n  an d  d ia m e te r

( 7 )  F i l l e r  m e ta l p re w e ld  c o n d it io n in g  ( e .g . ,  b a k in g )

( 8 )  S h ie ld in g  g a s  id e n t if ic a t io n : ty p e , d e w  p o in t ,  an d  

f lo w  ra te

( 9 )  A U  w e ld in g  p a r a m e te r s

( 1 0 )  W e ld  p re h e a t te m p e ra tu re

( 1 1 )  M a x im u m  in te r p a s s  te m p e ra tu re

( 1 2 )  A c c e p ta n c e  c r i te r ia ,  i f  an y

1 .5  S a f e t v  P r e c a u t l o n s .  S a f e t y  p r e c a u t io n s  s h a l l  c o n -  

fo r m  to  th e  la te s t  e d it io n  o f  A N S I  Z 4 9 .1 ,  Safet\ in \Vetd- 
ing, C utling, a n d  A liied  P ro c e s s e s ,  p u b l i s h e d  b y  th e  

A m e r ic a n  W e ld in g  S o c ie ty .

N ote: Tliis standard niay involve ha^irdous malerials, 
operations, and equipm ent. Tlie standard does noi pu r-  
po rt to address all o f  tlie safetv problem s associateđ with 
its use. h  is the responsibility o f  the user to estctblish ap- 
propriate saferv and healtli p ra ctices . Tlie u ser sliould  
determ ine the applicabi!ity o f  any rcgulalorv limitations 
p rio r to use.

A W S  A 2 .4  S ta n d a rd  S y m b o ls  f o r  W e ld in g ,

B r a z i n g ,  a n d  N o n d e s t r u c t i v e  

E x a m in a t io n

A W S  A 3 .0  S ta n d a rd  W e ld in g  T e r m s  an d

D e f in i t io n s

A W S  A 4 .3  S ta n d a rd  M e th o d s  fo r  D e te r m i-

n a t io n  o f  th e  D i f f u s i b l e  H y d r o -  

g e n  C o n t e n t  o f  M a r t e n s i t i c ,  

B a i n i t i c ,  a n d  F e r r i t i c  S t e e l  W e ld  

M e ta l  P ro d u c e d  b y  A r c  W e ld in g

T h e  s o u r c e  f o r  th e s e  d o c u m e n ts  is  th e  f o l lo w in g :

A m e r ic a n  W e ld in g  S o c i e t y  (A W S )

5 5 0  N .W . L e J e u n e  R o a d

M i a m i . F L  3 3 1 2 6

3. Summarv of Method
3 .1  T h e  te s t  is  p e r fo r m e d  u s in g  a s e t  o f  th r e e  f l a t  p la te  

te s t  a s s e m b lie s  w e ld e d  u n d e r  id e n t ic a l  c o n d it io n s .  W e ld s  

a r e  d e p o s ite d  o n  e a c h  s id e  o f  th e  te s t  a re a  to  p r o v id e  re -  

s t r a in t .  A  s in g le  te s t  w e ld  is  d e p o s i te d  in  th e  r e s t r a in e d . 

m a c h in e d  g r o o v e  o f  e a c h  a s s e m b ly .

3 .2  T h e  c o m b in a t io n  o f  w e ld in g  a m p e r a g e ,  v o l t a g e  an d  

t r a v e l  s p e e d  s h a l l  b e  s u c h  th a t  th e  s p e c i f i e d  h e a t  in p u t 

ra n g e  is  o b ta in e d .

3 .3  E a c h  te s t  w e ld  is  e x a m in e d  fo r  th e  p r e s e n c e  o f  h v d ro - 

g e n - a s s is te d  c r a c k s ,  n o t l e s s  th a n  4 8  h o u rs  a f t e r  d e p o s it -  

in g  th e  te s t  w e ld . T e s t  w e ld s  a re  s e c t io n e d  a s  re q u ire đ  fo r  

in te r n a l e x a m in a t io n .

3 . 4  T e s t i n g  is  u s u a l ly  c o n d u c te d  u s in g  s e v e r a l  te s t  s e ts  

w e ld e d  id e n t ic a l ly  o v e r  a r a n g e  o f  p r e h e a t  le m p e r a tu r e s  

s o  th a t 1 0 0  p e r c e n t  c r a c k in g  o c c u r s  a t th e  Io w e s t  te m p e r -  

a tu re  te s te d  a n d  0  p e r c e n t  c r a c k in g  o c c u r s  a t th e  h ig h e s t  

te m p e ra tu re  te s te d . R e s u lt in g  d a ta  is  u s e fu l  a s  a c o m p a r -  

a t i v e  m e a s u r e  o f  th e  s u s c e p t i b i l i t y  o f  th e  m a t e r i a l  to  

c r a c k in g .

4. Significance
T h is  te s t  is  u se d  as  a  c o m p a r a t iv e  m e a s u r e  to  a s s e s s  

th e  s u s c e p t ib i l i t y  to  h y d r o g e n  a n d  w e ld  m e ta l s o l id i f i c a -  

t io n  c r a c k in g  o f  s te e l  w e ld m e n ts .

2. Applicable Documents
R e fe r e n c e  sh o u ld  b e  m a d e  to  th e  la te s t e d it io n  o f  th e 

fo l lo w in g  d o c u m e n ts :

5. Defmitions and Svmbols
T h e  w e ld in g  te rm s  u se d  in  th is  s e c t io n  a re  in  a c c o r -  

d a n c e  w ith  th e  la t e s t  e d i t i o n  o f  A W S  A 3 . 0 .  Stan d a rd  
Welding Terms and Definitions.
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6 . A p p a ra tu s

6 .1  A  s im p le  f ix tu r e  is  u s e d  to  h o ld  th e  te s t  p la te s  s o  th e  

r e s t r a i n i n g  v v e ld s  c a n  b e  d e p o s i t e d .  W a t e r - c o o l e d  m e -  

c h a n ic a l  m e a n s  a re  u s e d  to  s e c t io n  c o m p le te d  te s t  a s s e m -  

b l ie s  fo r  in te r n a l  e x a m in a t io n  f o r  th e  p r e s e n c e  o f  c r a c k s .  

M e t a l l o g r a p h i c  e q u i p m e n t  i s  r e q u i r e d  f o r  p o i i s h i n g .  

e t c h in g .  an d  e x a m in in g  s p e c im e n s .

7. Speciniens
7 .1  T e s t  a s s e m b ly  c o n f tg u r a t io n  is  s h o w n  in  F ig u r e  E 1 9 .  

A Jl vvelđ jo i n t  s u r fa c e s  s h a ll  b e  n ta c h in e d  to  4  m ic r o m e te r s  

R a m in im u m . W h e n  it is  p o s s ib le  to  id e n t ify  th e  r o l l in g  d i-  

r e c t io n  o f  th e  m a te r ia l  b e in g  te s te d , th e  p a rts  s h o u ld  b e  cu t 

a n d  a s s e m b le d  vvith th e  r o l l in g  d ir e c t io n  p e r p e n d ic u la r  to  

th e  w e ld  g r o o v e . u n le s s  o th erv v ise  s p e c if ie d .

7 . 2  T h e  te s t  a s s e m b l y  is  f a b r ic a t e d  b y  d e p o s i t in g  w e ld s  

o n  e a c h  e n d  o f  th e  vveld  g r o o v e  to  p r o v id e  th e  n e c e s s a r y  

r e s tr a in t ,  a s  s h o w n  in  F ig u r e  E 1 9 .  S e c t io n  A - A .  L o w -h y -  

d r o g e n - t y p e  m i ld  s t e e l  f i l l e r  m e t a l  i s  n o r m a l l y  u s e d .  

W e ld s  s h a l l  b e  d e p o s i te d  b y  a  s u i t a b le  v v e ld in g  p r o c e s s .  

u s in g  a d e e p  p e n e tr a t in g  a r c  a n d  a w e a v e -b e a d  te c h n iq u e  

to  f i l l  th e  jo i n t s  w ith  a  m in im u m  n u m b e r  o f  w e ld  b e a d s . 

C a r e  s h a l l  b e  ta k e n  to  m in im iz e  a n g u la r  d is to r t io n  d u rin g  

w e ld in g .  W e ld  r e in f o r c e m e n t  s h o u ld  b e  a p p r o x i m a t e l y  

2  m m . M a x im u m  in te r p a s s  te m p e r a tu r e  s h o u ld  b e  in  a c -  

c o r d a n c e  w ith  s t e e l  m a n u fa c tu r e r s  r e c o m m e n d a t io n s  a s  

a p p l ic a b le  to  th e  s t e e l  tv p e  b e in g  jo i n e d .

7 . 3  E a c h  te s t  a s s e m b lv  s h a l l  b e  d im e n s io n a ! ly  in s p e c te d  

a f te r  c o o l in g  to  e n s u r e  th e  p r o p e r  c o n f ig u r a t io n  a s  sh o w n  

in  F ig u r e  E ! 9 .  S e c t io n  B - B .  T h e  g r o o v e  r o o l  o p e n in g  d i-  

m e n s io n  s h a ll  b e  vv ith in  to le r a n c e .

7 .4  F a b r ic a t e  a m in im u m  o f  th re e  te s t  a s s e m b lie s  p e r  s e t .

8. Procedure
8 .1  A I l  w e ld in g  s h a l l  b e  p e r f o r m e d  in  th e  f la t  p o s i t io n  

( 1 G ) .

8 . 2  T e s t  a s s e m b l ie s  s h a ll  b e  u n ifo r m ly  h e a te d  in  a n  o v e n , 

to  a  te m p e ra tu re  s l ig h t ly  h ig h e r  th a n  th e  d e s ir e d  p re h e a t 

te m p e r a tu r e . T h e  te s t a s s e m b ly  is  r e m o v e d  fr o m  th e  o v e n  

a n d  th e  s u r fa c e  te m p e r a tu r e  n e a r  th e  b e v e l  a r e a  s h a l l  b e  

m o n ito r e d . W e ld in g  s h a ll  b e g in  w h e n  th e  d e s ir e d  p re h e a t 

te m p e ra tu re  is  r e a c h e d .

8 A  T h e  s in g le -p a s s  te s t  w e ld  s h a ll  b e  d e p o s ite d  a s  sh o w n  

in  F ig u r e  E 2 0 .  W e ld in g  te c h n iq u e s  w h ic h  p r o m o te  g o o d

fu s io n  a n d  c r a te r  f i l l  s h a ll  b e  e m p Io y e d ,  F o l lo w in g  vveld- 

in g .  th e  a s s e m b l y  s h a l l  b e  a llo v v ed  to  c o o l  in  s t i l i  a ir . It 

s h a l l  b e  l e f t  a t a m b ie n t  t e m p e r a t u r e  f o r  a  m in im u m  p e -  

r io d  o f  4 8  h o u r s  b e fo r e  e x a m in a t io n  f o r  c r a c k s .

8 . 4  T h e  t e s t  w e ld  a r e a  s h a l l  b e  e x a m i n e d  f o r  s u r f a c e  

c r a c k s .  I f  s u r f a c e  c r a c k s  a r e  v i s i b l e .  n o  fu r th e r  e x a m in a -  

t io n  is  r e q u ir e d . I f  c r a c k i n g  i s  n o t v i s i b l e .  th e  vv eld  s h a ll  

b e  s e c t io n e d  a n d  e x a m in e d  m ic r o s c o p ic a l ly .

8 . 5  W h e n  s e c t io n in g  is  r e q u ir e d .  th e  te s t  w e lđ  s h o u ld  b e  

s e c t i o n e d  a t  th e  o n e - f o u r t h ,  o n e - h a l f .  a n d  th r e e - f o u r t h  

le n g th  p o s i t io n s .  W a t e r - c o o l e d  m e c h a n i c a l  m e a n s  s h a l l  

b e  u s e d  to  s e c t io n  th e  te s t  vvelds. A s s e m b l ie s  s h a ll  b e  s e -  

c u r e ly  c la m p e d  in  s u c h  a  m a n n e r  th a t th e  c u tt in g  p r o c e s s  

d o e s  n o t  c o n t r i b u t e  t o  w e ld  r o o t  c r a c k i n g .  S e c t i o n e d  

s p e c im e n s  sh aO  b e  p o l is h e d .  e t c h e d  an d  e x a m in e d  a t  2 0 X  

f o r  c r a c k s .

8 . 6  W h e n  th e  te s t  is  u s e d  to  e v a lu a te  s u s c e p i ib i l i tv  to  h y -  

d r o g e n  c r a c k i n g ,  a  d i f f u s i b l e  h y d r o g e n  d e t e r m i n a t i o n  

s h a l l  b e  p e r f o r m e d  f o r  e a c h  w e !d i n g  p r o c e s s  a n d  c o n -  

s u m a b le  in  a c c o r d a n c e  vvith  A W S  A 4 . 3 .  T h e  d i f f u s i b l e  

h v d r o g e n  d e t e r m i n a t i o n  s h a l l  b e  p e r f o r m e d  u n d e r  th e  

s a m e  c o n d it io n s  a s  th e  te s t  vveld.

9. Report
9 .1  T h e  te s t  r e s u lts  th a t  ty p ic a l ly  a r e  r e p o r te d  in c lu d e :

( 1 )  T e s t  n u m b e r

( 2 )  W e ld in g  p r o c e d u r e  s p e c i f i c a t io n  a n d  p r o c e d u r e  

q u a l i f i c a t io n  r e c o r d  n u m b e r s  ( i f  a p p l ic a b le )

( 3 )  B a s e  m e ta l id e n t if ic a t io n

( 4 )  B a s e  m e ta l th ic k n e s s

( 5 )  F i l l e r  m e ta l  id e n t if ic a t io n

( 6 )  F i l l e r  m e ta l  d ia m e te r

( 7 )  S h ie ld in g  g a s  id e n t if ic a t io n

( 8 )  A l l  w e ld in g  p a r a m e te r s  n e c e s s a r y  to  c o m p le te ly  

d e f in e  th e  p r o c e d u r e  an d  h e a t  in p u t

( 9 )  W e ld  p r e h e a t  te m p e r a tu r e

( 1 0 )  A m b ie n t  te m p e ra tu re  a n đ  r e la t iv e  h u m id ity  at t im e  

o f  w e ld ln g

( 1 1 )  M a x im u m  in te r p a s s  te m p e ra tu re  a llo v v ed  d u rin g  

v v eld in g  o f  r e s t r a in in g  w e ld s  ( i f  a p p l ic a b le )

( 1 2 )  A n y  o b s e r v a t io n  o f  u n u s u a l c h a r a c t e r i s t i c s  o f  th e 

te s t  s p e c im e n .  w e ld  p r o f i le ,  s e c t io n  s u r fa c e  o r  p r o c e d u r e

( 1 3 )  R e s u lt s  o f  D if f u s ib l e  H v d r o g e n  te s ts .

9 . 2  T e s t  d a ta  s h o u lđ  b e  r e c o r d e d  o n  a  T e s t  R e s u lt s  S h e e t  

s i m i la r  to  F ig u r e  E 2 I .
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SECTION A-A SECTION B-Đ

Notes:
1. Base metal outer edges may be thermally cut (not required to be machined).
2. Joint groove preparation shall be made by machine cutting. Surtaces should be no rougher than 4 micrometers R,,. It is recommended 

that the lay of the surface roughness be oriented parallel with the longitudinal axis ot the specimen.
3. Dimension shall be 3 mm prior to depositing restraining welds.
4. Final dimension sliall be 2 ± 0.2 mm after restraining welds are deposited. However, contraction caused during anchor welding must 

be considered prior to machining and assembly; typically approximately 0.3 mm shrinkage.

Figure EF)— ObIique Y-Groove Test Assentblv
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COM PLETE ROOT PENETRATION AND FUSION.

( A )  T E S T  P L A T E  F O R  M E C H A N I Z E D  W E L D I N G

F ig u r e  K 2 0 — O b l i q i i f  Y - G r o o v e  l e s t  \V e ld  C o n t ig u r a t io n
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1/4  t — ►

(C) SECTIONING OFTEST PLATE

Figure E20 (Continued)— Oblique Y-Groove Test Wekl Configuration
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OBLIOUE Y-GROOVE TEST RESULTS

C o m p a n y  N a m e _________________________________________________________________________________________________  D a t e _____________________________________

J o b - T e s t  N o . ______________________________________________________________________________________________________ S h e e t ______________ o f __________________

D e s c r ip t i o n  o f  I n v e s t ig a t io n ______________________________________________________________________________________________________________________________________

M a t e r ia l  I d e n t i f i c a t io n __________________________________________________________________________________________

M a t e r ia l  T h i c k n e s s ______________________________________________________________________________________________ R o l l in g  D l r e c t io n  In d ic a t e d  Y  / N

M a t e r ia l  H e a t  T r e a t m e n t _________________________________________________________________________________________________________________________________________

A p p l ic a b le  W e ld in g  P r o c e d u r e  N o . __________________________________________________________________________

W e ld i n g  D e t a i l s __________________________________________________________________________________________________  P r o c e s s _________________________

D a t e  of W e ld i n g ______________________________________________________________________________________ T im e  L a p s e — W e ld i n g  to  T e s t in g  (h r s )

P a r a m e t e r s T e s t  W e ld P a r a m e t e r s A n c h o r  W e ld T e s t  W e ld

E le c tro d e / V V ire  D ia . W e ld i n g  C o n s u m a b l e  ID

A m p e r a g e S p e c if ic a t io n

V o l t a g e C la s s r f i c a t io n

P o la r i t y B a k i n g  T r e a t m e n t

T ra v e l S p e e d S h ie l d in g  G a s  T y p e ,  M e d i u m

P r e h e a t  T e m p e r a t u r e S h ie l d in g  G a s  D e w  P o in t

H e a t  In p u t M a x .  I n t e r p a s s  T e m p .

H u m id it y  ( R H ) M e a s u r i n g  M e t h o d

A m b ie n t T e m p .

H y d r o g e n  D e t e r m in a t io n  M e t h o d  D a t e  R e s u l t

E X A M I N A T I O N

S u r f a c e S e c t io n

A s s e m b l y  N o . I n s p e c t io n  M e t h o d R e s u l t s  ( C  o r  N C ) In s p e c t io n  M e t h o d R e s u l t s  ( C  o r  N C )

W e ld i n g  D e t a i l s __________________________________________________________________________________________________  P r o c e s s _________________________

D a t e  of W e ld i n g ______________________________________________________________________________________ T im e  L a p s e — W e ld i n g  to  T e s t in g  (h r s )

N o .  o f  T e s t  A s s e m b l i e s  I n s p e c t e d ______________________________________  T o ta l %  C r a c k i n g

R e m a r k s __________________________________

T e s t e d  B y _________

S ig n a t u r e __________________________________________ ______________________________________________________________  D a t e

Figure E21 — Suggested Data Sheet for Oblique Y-Groove Test
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The appendix B shows the hiformation of both electrodes, TENACITO 

75&TENACITO 80 respectively.

TENACnO 75 OERLIKON

MMA Electrodes 
High-strength steels

Basic coated electrode producing tough and crack-free welded joints. Weld deposit is of extremely high metaiiurgical purity 
and very iow hydrogen content. Due to its doubie coating (up to 3,2 mm), the eiectrode features a stable and concentrated 
arc, making it well-suited for positionai welding. Weids are of X-ray quaiity.

Classification
AWS aŠS: E10018-G-H4 

| EN 757: E 69 6 Mn2NiCrMo B 42 H5

see Appendix, Classification Society Approvals, for detaiis pag. 521

Analysis ot all-vveid metal (Typical values in %)
c Mn Si P s Cr Ni Mo Nb V N Cu

0.06 1.40 0.50 < 0.020 s 0.012 0.40 2.20 0.40 - - - -

All-weld metai Mechanical Properties

HeatTreatment
Yield

Strength
N/mm2

Tensile
Strength
N/mm2

Elongation 
A5 (%)

Impact Energy 
ISO - V (J)
- 60 °C

Hardness

As Welded ž  720 760-900 2: 17 2:60 -
Materials
S620-S690; P690;L415-L555

Storage and redrying
Keep dry and avoid condensation.
HD s  5: Re-dry at 340-360 °C for 2 hours, 5 times max.

Packaging data
Diameter

(mm)
Length
(mm)

Current
(A)

Electrode
average weight (g)

Weld metal weight 
perelectrode (g)

2,5 350 65-95 19,8 12,8
3,2 350 90-140 34,3 22,2
4,0 450 140-185 70,3 45,2
5,0 450 180-240 109,9 70,0

Current condition and welding position
DC+

P A  P B  P C  P F  P E  P F 2

B1





TENACITO 80
/ i

OERLIKOIM

MMA Electrodes 
High-strength steels

Basic coated electrode producing tough and crack-free vvelded joints. Weid deposit is ot extremely high metailurgical purity 
and very low hydrogen content. Due to its double coating (up to 3,2 mm), the eiectrode features a stable and concentrated 
arc, making it well-suited for positional welding. Welds are of X-ray quality.

Classification
AWS A5.5: E11018-G-H4
EN 757: E 69 6 Mn2NiCrMo B 42 H5

see Appenđx, Classification Society Approvais, for details pag. 521

Analysis of all-weid metal (Typical values In %)
C Mn Si P s Cr Ni Mo Nb V N Cu
0.06 1.80 0.50 s 0.020 s 0.012 0.35 2.20 Od

- - - -
All-weld metal Mechanical Propertles

HeatTreatment
Yield

Strength
N/mm2

Tensile
Strength
N/mm2

Elongation
A5 (%)

Impact Energy 
ISO - V (J)
- 60 °C

Hardness

As Woided ž  800 850-960 > 16 2:60 -

Materials
S(P)690; L415-L555

Storage and redrying
Keep dry and avoid condensation.
HD ž  5; Re-dry at 340-360 °C for 2 hours. 5 times max.

Packaging data
Diameter

(mm)
Length
(mm)

Current
(A)

Electrode
average weight (g)

Weld metal weight 
perelectrode (g)

2,5 350 65-95 19,8 12,8
3,2 350 90-135 34,3 22,2
4,0 450 140-185 67,0 45.2
5,0 450 180-240 107,5 70,0

Current condition and welding position 
DC+TTLA T
P A  P B  P C  P F  P E  P F 2

B2
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evemetodeplaniranjaeksperimenta
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noroflHOM 3a TpajHO apxHBHpaH>e.

Mojy flOKTopcKy nHcepTamijv noxpaH>eHy y /dMrMrajiHM peno3HTopHjyM 
y HHBep3HTeTa y Beorpayy Mory aa KopncTe cbh Kojri nomryjy oppepoe 
caap>KaHe y o/iaopaHOM THny TimeHne KpeaTHBHe 3ajeAHHu;e (Creative 
Commons) 3a Kojy caM ce oftnyHHo/jia.

1. AyTOpCTBO

2 . AyTopcrBO - HCKOMepnHja.aHO

3 . AyTopciBo -  HeKOMepu;HjajiHO -  6e3 npepafle

4 . AyTopciBO -  HeKOMepH,HjajiHo -  nejiHTH nofl hcthm ycnoBHMa

5 . AyTopciBo -  6e3 npepafle

6. AyTopcrBO -  flejiHTH nofl hcthm ycjroBHMa

(Mojihmo fla 3aOKpy/Khte caMO jeflHy ofl m ecr noHyheHHX JiMfleHiiH, KpaTaK 
omic JiHii;eHti,H flaT je Ha nonehiiHH nncTa).

IIoTnHC f lO K T O p a H f la

y  Beorpafly, / /2014





1. AyTopcTBO - flo3BOJbaBaTe vMHOJKaBafbe, jiiicTpii6yu,Mjy h jaBHo 
caonHiraBaH>e flena, h npepajje, aKO ce HaBeji,e HMe ayTopa Ha iiavHH oApeBeH 
oa crpaHe ayTopa ilth AaBaon,a TMHOHne, vaK h y KOMepn,HjajiHe CBpxe. Obo je 
HajcToSoAHiija ofl cbhx jiHH,eHH;H.

2. AyTopcTBO -  HeKOMepujnjajmo. A,03B0.T>aBaTe ymho>kaBaibe, ji;HCTpH5yHMjy h 
jaBHO caomHTaBaHbe fleua, h npepaae, aKO ce HaBejn;e HMe ayTOpa Ha HaHHH 
oji,pebeH oyi; crpaHe ayTopa mth jiaBaoua THneiiiie. OBa THHOHija He jjosBOJBaBa 
KOMepn;HjaTHy ynoTpe6y HeTa.

3. AyTopcTBo - HeKOMepmijiho -  6e3 npepajje. JHosBO.jBaBaTe ymho>Kabaibe, 
jjHCrrpii6yHHjy h jaBHo caonniTaBaiBe jje.aa, 6e3 npoMeHa, npeo6THKOBaH>a hth 
ynoTpe5e jje.na y cbom jjenv, axo ce Hai;ejie HMe ayTopa Ha HaTMH ojipeben oh 
cipaHe ayTopa hth jiaBaoHa TiiHeHoe. Obt THH;eHH,a He ji;o3BO.TBaBa 
KOMepnyijaTHy ynoTpe6y jjeTa. y  ojjHocy Ha CBe ocTare THijeHije, obom 
THijeHijoM ce oipaiiMiaBa najBehii o6mm npaBa KopninheiBa jjejia.

4. AyTopcTBO - HeKOMepu,iijaTHO -  jieniiTH nou hcthm ycTOBHMa. jJ,03B0JBaBaTe 
yMHOJKaBaH>e, THCTpH5ymijy h jaBHo caoimiTaBaiBe uejia, h npepajie, aKO ce 
HaBejje MMe ayTopa Ha HavMH ojipebeH oji crpaHe ayTopa hth jjaBaona 
THiieHiie h aKO ce npepajia nMcrpM6yMpa noji hctom mlth cjihthom TMiieHHOM. 
OBa THLjeHiia He jio3BOJBaBa KOMepiiiijaTHy ynoTpe6y jie.Ta h npepajja.

5. AyTopcTBo -  6e3 npepajje. AosBoibaBaTe yMH.o>KaBaHv>e, jiHCTpH6yiiHjy h 
jaBHo caoniiiTaBaiBe jjeTa, 6e3 npoMeHa, npeo6jiHKOBaH>a hth ynoTpe6e jjena y 
cbom JiejTy, aKo ce HaBejje HMe ayTopa Ha HavHii ojjpeberi ojj crpaHe ayTopa 
hth jiaBaoria THueHiie. OBa THijeHiia jio3BOJBaBa KOMepiiHjarHy ynoTpe6y 
jjeTa.

6. AyTopcTBO - ne.TMTH noji hcthm ycTOBHMa. /I,03B0.T>aBaTe yMHO)«aBaiBe, 
j!HCTpH6yiiHjy h jaBHo caomirraBaiBe jiena, h npepajie, aKo ce HaBejie HMe 
ayTopa Ha HaTHii ojipebeH oji crpaHe ayTopa moih TaBaona THH,eHH,e h aKO ce 
npepajia THcrpH6yHpa noji hctom hth ctmthom THiieHiioM. OBa THiieHiia 
jI03B0JBaBa KOMepiinjamy ynoTpe6y Jie.ua h npepajia. C.UMTHa je cocjjTBepCKHM 
THiieHiiaMa, ojihocho TMiieHiiaMa OTBopeHor Kojia.
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