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ABSTRACT

The occurrence of hot cracking in austenitic stainless steel

weldments is discussed with respect to its origin and metallurgical

contributory factors. Of the three types of hot cracking, namely

solidification cracking, liquation and ductility dip cracking, solidification

cracking occurs in the interdendritic regions in weld metal while liquation

and ductility dip cracking occur intergranularly in the heat-affected zone

(HAZ). Segregation of impurity and minor elements such as sulphur,

phosphourous, silicon, niobium, boron etc to form low melting eutectic phases

has been found to be the major cause of hot cracking. Fully austenitic weld

metals are highly susceptible to solidification cracking while primary delta-

ferritic solidification mode results in greatly increased cracking resistance.

However, control of HAZ cracking requires minimisation of impurity elements in

the base metal. In stabilized stainless steels containing niobium, higher

amounts of delta-ferrite have been found necessary to prevent cracking than in

unstabilized compositions. Titanium compounds have been found to cause

liquation cracking in maraging steels and titanium containing stainless steels

and superalloys. In nitrogen added stainless steels, cracking resistance

decreases when the solidification mode changes to primary austenitic due to

nitrogen addition. A review of the test methods to evaluate hot cracking

behaviour showed that several external restraint and semi-self-restraint tests

are available. The Finger Test, WRC Fissure Bend Test, the PVR Test and the

Varestraint Test are described along with typical test results. Hot ductility

testing to reveals HAZ cracking tendency during welding is described, which

is of particular importance to stabilized stainless steels. Based on the

literature, recommendations are made for welding stabilized and nitrogen added

steels, indicating areas of further work.
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A REVIEW OF HOT CRACKING IN

AUSTENITIC STAINLESS STEEL WELDMENTS

V. Shankar*, T.P.S. Gill , S.L. Mannan* and P. Rodriguez

INTRODUCTION

Austenitic stainless steels are used as major structural materials

in energy systems, particularly in the nuclear energy industry where

reliability and long service life are major considerations. The desirable

properties of these materials include excellent corrosion resistance, absence

of ductile to brittle transition phenomenon and good high temperature

properties including oxidation resistance. The primary fabrication method for

components made of stainless steel is fusion welding. Being a heterogeneous

structure the weldment is considered likely to initiate component failure by

cracking either during welding or in service, even when the strength of the

weld joint is adequate by design.

Weld metal hot cracking was identified as a problem in welding

austenitic stainless steels early in the development of this class of alloys.

A large amount of literature exists on the welding of austenitic stainless

steels spanning several decades [1-6]. Apart from weld metal cracking, heat-

affected zone cracking has also received attention [7-11]. A review by Thomas

[12] identifies HAZ cracking to be a major problem in heavy section welds in

Type 347 stainless steels and in large grain size fully austenitic steels for

thermal nuclear reactor service. Detection of microscopic HAZ cracks both

after welding and during service by normal NOT techniques has been very

difficult as they may not be visible unless sufficient plastic strain is

applied to open them up. The two types of HAZ cracking namely, liquation
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cracking and ductility dip cracking occur in the heat affected zone by

mechanisms different frcri weld -petal cracking. Both types of cracking have

been found to occur in virgin bese metal as well as previously deposited

passes of multipass welds. While weld metal cracking can be reduced by using

filler metals of appropriate compjsi Moris, HAZ cracking can occur in the base

metal where composition control is not possible during welding. Apart from

this, base metal cracking has been observed in service and during repair

welding.

Eventhough much research experience is found in the literature on

the nature of hot cracking and various measures required for its minimisation,

a complete understanding of the phenomena is still to be reached. Further,

new materials dre continuously ce'ing developed for power systems, driven by

requirements of improved performance m terms of higher operating temperatures

and lifetimes [13]. The material design criteria for nuclear systems are

"iainiy therma1 stability and resistance to enhanced creep under irradiation.

Tnus, the newly developed mate^iels are not designed primarily for their

•A-eldabi 1 ity ana there is a continuing need to solve welding problems likely to

occur in their fabrication.

Austenitic stainless steels are primarily alloys of iron containing

chromium greater than 12% with an aus:emtic matrix stabilized by the addition

of nickel and control of carbon aiui nitrogen contents. The Inaian fast

breeder reactor programme envisages the use of fully austenitic stainless

steels of the D-9 type as well as the nitrogen modified Type 316L materials

designated BS 316LN in the construe,:on of the Prototype Fast Breeder Reactor

(PFBR) and other future nuclear reactors. At present, there is limited

information available in t*e literature on the v.eldabi 1 ity of the.-; materials.

The D-9 alloys (UNS S336G0) cent, iin 13.5% chromium and 15.5% nickti, with 2%

molybdenum, a carbor* level :•? C .Q3Xmax and titanium content ' to 3 times th?.

carbon lt:vel . Tnis composition is fully austenitic with a fcrrite potent'ial



less than zero. Thus, these alloys are potential candidates for hot cracking

during welding depending upon the content of impurity and minor elements

present in the weldment. The presence of titanium also brings in the

possibility of liquation cracking in the heat affected zone (hereafter

referred to as HAZ), since titanium is known to cause liquation cracks in

maraging steels [8,14] and Alloy 800 [15], both of which contain about 0.3-

0.5% titanium. It is known that addition of elements like phosphorous and

boron can result in improved irradiation stability and creep properties [13]

and a minimum content of phosphorous is specified on this account. It is also

well known that impurity elements such as sulphur and phosphorous, and minor

elements such as boron, silicon and niobium promote hot cracking particularly

in fully austenitic steels [3]. Thus, in this case the compositional

requirements for weldability and service properties are conflicting and

optimal levels must be found so that both conditions are adequately met.

Weldability of Type 316LN steels has not been fully investigated in the

literature and the service record of welding consumables is not currently

established. Were, the major considerations are the role of nitrogen in the

base metal and consumable during welding, and the method of nitrogen addition

to the weld metal. It has been found that only nitrogen in solid solution in

austenite will provide full strengthening in the weld metal. Further, while

nitrogen has been found to increase cracking in primary ferritic solidifying

compositions, the mechanisms of its effects on hot cracking are not well

understood.

The development of reliable testing method? which can give

reproducible quantitative information on hot cracking susceptibility has been

continuing since the 1950s and earlier. The Varestraint test [16] and its

modifications have been used in the greatest number of studies on hot cracking

susceptibility of materials. The Varestraint tests provide several

quantitative parameters which have been used for weldability comparisons,



process development and alloy development. An alternative test known as the

PVR test [17] has been recently under use, mainly in Europe for weld metal and

liquation cracking evaluation. In the case of HAZ cracking, hot ductility

under simulated weld cycle conditions has been found to be a good indicator of

the cracking tendency both by liquation and ductility dip cracking.

The purpose of this report, is therefore to review (a) current

knowledge of hot cracking in various types of austenitic stainless steels, (b)

the methods of testing for hot cracking susceptibility, (c) the effects of

the constituent elements on welding characteristics and finally to make

recommendations on the welding of these materials and indicate areas of

further work.



CHAPTER 2

SOLIDIFICATION OF STAINLESS STEELS

2.1 The Iron-Chromium-Nickel System

A study of the iron-chromium-nickel phase diagram [18,19] is

required for an understanding of the solidification mechanics of stainless

steel. Of the constituent binaries, the iron-chromium system is isomorphous

at solidification temperatures. The chromium-nickel sy.stem shows a eutectic

at 1618 K and 49% nickel. In the iron-nickel system, the delta phase on the

iron side forms a short peritectic loop, after which the system is completely

soluble to 100% nickel. Thus, in the iron-chromium-nickel ternary system, the

liquidus projection starts at the peritectic reaction on the iron-nickel

system (delta + Liquid = gamriia) and moves down to the eutectic reaction

(Liquid = delta + gamma) on the chromium-nickel system.

The transition from peritectic to eutectic reaction occurs at 7%

nickel and 9.5% chromium in iron [19]. Most stainless steel compositions in

wide use occur on the iron-rich side of the ternary between 50-70% iron. The

70% iron isopleth shown in Fig. 1 is commonly used to predict the

solidification modes for various compositions. Depending on the position on

the diagram with respect to the peritectic/eutectic point, the primary

solidifying phase is either ferrite or austenite, while the remaining liquid

composition moves towards the peritectic or eutectic line in a path determined

by ternary equilibrium considerations.

Alloys solidifying as fully austenite will remain unchanged to low

temperatures, while those that form pro-eutectic or eutectic ferrite pass

through the delta-gamma two-phase region and may or may not reenter the single

phase austenite field. This is due to the asymmetry of the two-phase field

towards the primary ferritic side of the diagram, as seen in Fig. 1. Thus,

alloys such as Type 304 and 316 which are fully austenitic at room temperature



enter this two-pnase field after primary ferritic solidification and undergo

solid state transformation to a fully austenitic structure. Up to 100% delta

ferrite may be formed, which then transforms completely to austenite under

equilibrium conditions. For higher ratios of chromium over nickel, the

equilibrium structure at room temperature may retain considerable amounts of

delta ferrite as in duplex stainless steels. The sigma phase field appears at

temperatures below about 850 K on the primary ferritic side of the diagram and

is known to cause embrittlement of stainless steels. However, transformation

to sigma phase is sluggish and normally occurs in weld microstructures only on

ageing in the temperature range 773-1123 K.

The phase diagram described above may be altered in the case of

commercially used compositions by the presence of impurities and minor

elements on the one hand and alloy additions on the other. Addition of more

elements to the ternary system may enlarge or contract the existing phase

fields and may introduce several new phases. Minor elements such as silicon

and niobium, and impurity elements sulphur, phosphorous, etc are known to form

phases during solidification which cause cracking during welding. Alloying

elements are added t.- introduce specific improvements in properties and are

classified as either austenite or ferrite stabilizers based on their effect on

the Khase diagram. Alloy additions change the temperature and composition of

the peritectic/eutectic transformation and hence the solidification mode

during welding. The transition from peritectic to eutectic reaction is also

important during weld solidification. The transformation in relatively iron-

rich alloys such as Type 304 or 16-8-2 tends to be peritectic while high--

alloyed grades show eutectic type of reaction.

2 .2 Sol id_i_f_i_c_ation Mechanics

Weld solidification proceeds by epitaxial growth from the base metal

grains and rarely involves nucleation processes. The morphology of a solid

growing from a liquid phase is dependent on a) the heat flow conditions such



as thermal gradient and cooling rate and b) the chemical characteristics of

the material viz composition (C), partition coefficients (k) and diffusivities

(D) of the constituent solute species. Under imposed growth conditions, the

solid-liquid interface accumulates a high concentration of solute rejected

from the solid phase (for k < 1 ) as shown in Fig. 2. This produces a region

ahead of the interface where the actual temperature is lower than the

liquidus temperature. This condition, known as constitutional supercooling,

leads to instability at the planar solid-liquid interface and results in a

variety of growth morphologies. A schematic map of growth morphology as a

function of the kinetic and compositional variables is shown in Fig. 3. It

can be seen that for a given heat flow condition, growth proceeds by planar,

cellular, cellular-dendritic and equiaxecl dendritic morphologies in succession

as the solute concentration increases. Increasing the growth rate (R) by

increasing welding speed changes the growth morphology in the same order. It

also follows from the diagram that elements with low partition coefficients

such as sulphur, phosphorous, etc. will strongly promote dendritic segregation

wnich has been found to be the major cause for hot cracking in stainless

steels.

To derive the compositions of the respective phases, solidification

of a control volume of liquid is considered by assuming three cases [20]. The

first case assumes complete equilibrium maintained in the solid and the

liquid, in which case a solid of homogeneous composition is finally obtained.

In case 2 the liquid is assumed to be in equilibrium (diffusion assisted by

convection or vigorous mixing) and diffusion in the solid is neglected and in

Case 3, equilibrium is only assumed at the solid-liquid interface and

diffusion in the liquid phase alone taken into account. During welding

solidification, while full equilibrium does not exist, some convectional

mixing is present due to electromagnetic and surface tension effects. Though

the appl^caDle condition is intermediate between cases 2 and 3 depending upon



weld pool conditions and the weeding process, it is usually simplified to case

3 to calculate the composition of the solid in the control volume as a

'• function of fraction solidified. Fig. 4 shows a schematic variation of

composition across a dendrite calculated by Lippold and Savage [21].

Calculations as well as experimental data have shown that during primary

ferritic solidification, chromium is enriched at the dendrite cores and nickel

at the interdendritic regions, while during primary austenitic solidification

the segregation pattern is reversed [21,22].

2.3 Prediction of Delta Ferrite in Weld Metal

Prediction of the phase distribution and morphology in actual welds

is difficult due to the complex compositions, variations in process

parameters, and superposition of solid state transformations over the as-

solidified microstructure. The development of empirical predictive diagrams

and the concept of chromium and nickel equivalents have been reviewed by Olson

[23]. The Schaeffler [24] and DeLong [25] diagrams are widely used to

estimate the amount of ferrite expected to be present after welding. These

diagrams were constructed by making measurements on different compositions

under TIG and MMA welding conditions and are valid for similar cooling rates.

The Schaeffler diagram [24] most commonly used to predict weld

microstructures uses the following expressions for chromium and nickel

equivalents:

Cr = Cr + Mo + 1.5Si + O.5Nb ana ...(1)
eq

Ni = Ni + 30C + 0.5Mn (2)

In the DeLor.g diagram, the nickel equivalent expression includes the effect of

nitrogen (with equal weightage as carbon) and the lines of equal ferrite

content a^e marked with the WRC ferrite number (rattier tnan % ferrite); these

lines are parallel to each other. Seferian [26] developed a formula for

predicting delta ferrite from the Schaeffler equivalents given by

Delta ferrite - 3 ( O e - 0.93Ni - 5.7) (3)



Since the presence of delta ferrite has been found to decrease hot

cracking, these diagrams have been used to ensure that a minimum ferrite

content is present in deposited weld metal. Accordingly, it is accepted

practice to maintain 3-8% delta ferrite in the weld metal to ensure freedom

from hot cracking. Subsequently however, it was discovered that the presence

of ferrite alone without ferritic solidification mode does not guarantee hot

cracking resistance. Hammar and Svensson [27] and Suutala [28] studied the

relation between solidification mode and alloy content in weld metal. Hammar

and Svensson included the effects of Mo and N in their formula and found that

the solidification mode could be predicted as a function of the chromium and

nickel equivalents. Recently Siewert et al [29] developed a statistical

diagram by analysis of data from 950 stainless steels of various types. The

modified equivalent for nickel includes carbon and nitrogen, and that for

chromium, molybdenum and niobium. The compositions were divided into three

different groups and three formulae were obtained to predict ferrite number

for each group by regression analysis:

A. 308 type: FN = -27 + 3(Cr+0.8Mo) - 1.9(Ni+49C+29N) (4)

B. 316 type: FN = -13 + 2.2(Cr+2.3Mo) - 2(Ni+40C+24N) (5)

C. 309 type: FN = -31 + 3.2(Cr+1. IMo) - 2{Ni+53O17N) (6)

The conflicting reports over the years on the effects of certain elements like

manganese, silicon, etc. on delta ferrite content might be reflected in the

omission of these elements from the statistically derived equivalent formulae.

However, interactive effects, between manganese and nitrogen on the one hand

and chromium and molybdenum on the other have been brought to light by the

statistical approach and are of importance at high molybdenum and manganese

contents (>3% Mo and > 2% Mn).

2.4 The Relationship Between Solidification Mode and Microstructure

The interpretation and analysis of weld microstructures in



austenitic stainless steels is complicated by the superposition of the solid

state transformation from ferrite to austenite over the as solidified

structure. The various ferrite morphologies observed at room temperature can

be interpreted in terms of the solidification mode and the subsequent solid

state transformation. Suutala [28] related the ratio of chromium to nickel

equivalent (derived from modified equivalents) to the solidification mode and

found that the change from primary austenitic to primary ferritic mode took

place at a ratio of 1.55. However, it is useful to consider intermediate

classifications of the solidification mode as proposed by Katayama et al [30]

to explain the various ferrite morphologies. Fig. 5 shows the composition

ranges under which the various solidification modes occur. In the fully

austenitic solidification mode there is no change in structure after

solidification and no ferrite is present. In the austenitic-ferritic mode,

austenite is the primary phase and a part of the remaining liquid solidifies

as eutectic ferrite. These two modes occur at Cro /Ni < 1 . 5 . The ferritic-

austenitic and fully ferritic modes result for Cr /Ni ratios above 1.5.
eq eq

Lundin et al [31] reviewed the various terminologies adopted in the literature

for transformed ferrite microstructures. In Fig. 6, the commonly observed

ferrite morphologies have been shown as a function of Cr /Ni ratio and the

transformation temperature. Eutectic ferrite is present as small particles of

retained ferrite occurring between primary austenite dendrites (Cr /Ni <1.5,

FN<1). Vermicular ferrite occurs by primary ferritic solidification in which

the dendritic cores being rich in Cr, remain as ferrite while the rest of the

microstructure transforms to austenite at fairly high temperatures (1373-1573

K ) . Vermicular ferrite is found as a continuous or semi-continuous network.

Eutectic ferrite may also be p'^esen; in the interdendritic regions of this

microstructure. For higher i> /Ni ratios, the structure becomes more

elongated and increasingly finer as lacy, lathy and acicular morphologies

occur. These types of ferrite form at lower transformation temperatures

compared to vermicular ferrite after primary ferritic solidification (Fig. 6 ) .
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The acicular structures occur due to restricted diffusion either under rapid

cooling in the two-phase region or from a compositionally imposed lowering of

the transformation temperature. With increasing alloying content and at

higher Cr /Ni ratios, the transformation kinetics become sluggish, which

promotes elongated acicular and Widmanstatten type structures in the higher

alloyed grades such as duplex stainless steels.

2.5 Effect of Kinetic Factors on Solidification Mode and Microstructure

The solidification mode or the primary solidifying phase has been

found to be sensitive to both micro-compositional variations and thermal

conditions. This sensitivity has been seen in the simultaneous occurrence of

both primary ferritic and austenitic modes in the same weld [28]. The effect

of kinetics on the primary solidifying phase is even greate.", since welding is

a growth-dominated process. Increasing cooling rates have been found to

promote primary austenitic solidification for compositions close to the

eutectic point [32], Under high cooling rates such as occurring during laser

welding, fully austenitic microstructures were found for 304 stainless steel

[33]. However under epitaxial growth conditions in type 308 steel, cooling

rates of the order of 10 K/s during capacitor discharge welding promoted fast

growth of ferrite in preference over austenite [34]. For high Cr /Ni

ratios fully ferritic structures have solidified during laser welding [33].

Very slow cooling rates (less than 10 K/s) as in electroslag [35] and

submerged arc welding may allow sufficient time for full diffusional

transformation of the delta ferrite into austenite. At intermediate cooling

rates as in GMAW and GTAW, the amount of retained delta ferrite increases with

increasing cooling rate [36]. The diffusional nature of the transformation of

ferrite to austenite in this intermediate cooling rate range has been shown by

several studies [22,27,37]. However, by capacitor discharge welding (>10

K/s) massive transformation of the delta ferrite has also been observed [34].
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CHAPTER 3

HOT CRACKING IN AUSTENITIC STAINLESS STEELS

Hot cracking occurring during welding of stainless steels is known

to be of three types [38,39]:

1. Cracking or microfissuring in the solidifying weld metal and termed

solidification cracking.

2. Cracking in the HAZ due to partial melting of heat-

affected zone boundaries, known generally as liquation cracking.

3. Cracking in the grain boundaries of the HAZ occurring without

melting a few grains away from the fusion line, known as ductility

dip cracking.

While solidification cracking and HAZ cracking have common origins in terms of

impurity content and the presence of stress, the mechanisms by which they

occur are different and will therefore be discussed separately.

3.1 Solidification Cracking

Solidification cracking was first observed in foundry experience

with casting of stainless steels, and as mentioned in the introduction, has

been investigated for several decades. The occurrence of cracking was

rationalised in terms of dendritic solidification. Solidification cracking

occurs in the interdendritic regions of fully austenitic microstructures as

shown in Fig. 7. Crack surfaces when observed in the microscope show

typically dendritic appearance. Solidification cracking can be of two types:

a) gross cracking, occurring at the junction of dendrites of differing

orientations, detectable by visual and liquid penetrant testing, and

b) microfissuring in the interdendritic regions which are revealed only

by application of strain to the cracked region.

The cracking has been found at the centreline of electron beam and laser welds

[40,36] and in weld beads of high aspect ratio. The increase in cracking

12



occurring when the solidification range is widened by the formation of. low

melting eutectics with impurity elements was identified by early investigators

[1]. In 1960, Borland proposed the Generalized Theory of solidification

cracking [41], which remains the most widely accepted one. In this theory,

cracking is explained by considering four stages during the solidification of

weld metal:

Stage I: (Primary dendrite formation) Free growth of dendrites into a

continuous liquid takes place, and no cracking can occur.

Stage II: (Dendrite interlocking) In this stage, impingement of growing

dendrites causes interlocking. The liquid remains continuous in the

interdendritic regions and healing occurs if any cracks form.

Stage III: (Critical solidification range) Grain boundaries start to

form when very little liquid remains. At this stage, cracks cannot be

healed if the strains exceed the strain tolerance of the material.

Stage IV: (Completion of solidification) After complete solidification,

no liquid remains and no cracking occurs.

Thus, according to this theory, when the accommodation strain is

exceeded in the critical solidification range, cracking occurs. The critical

strain imposed on the solidifying weld is a function of the mechanical

restraint during welding. The mechanical factors such as joint design and

section thickness, determine the weld metal volume and its shrinkage on the

one hand and the total amount of metal to undergo expansion and contraction on

the other. Here, it is evident that the choice of welding process has a major

role in deciding the joint configuration and the total volume of metal

subjected to thermal cycling.

The metallurgical factor in producing cracking, namely the extent of

the critical solidification range, is dependent on the composition.

Composition affects the tendency of weld metal towards cracking in two major

ways. Firstly, as discussed earlier, the primary mode of solidification from

13



the liquid is a function of composition and primary ferritic solidification

mode has been found beneficial in reducing cracking. The second effect is due

to the lowering of solidification temperature of the interdendritic liquid by

impurity and minor elements through the formation of eutectic phases. The

effects of solidification mode and composition on hot cracking will be

discussed in detail in the subsequent sections.

The heat input during welding also affects the hot cracking

behaviour significantly. In a study by Goodwin [42] using GTAW, laser and

electron beam welding, it was found that increased heat inputs decreased the

threshold stress for cracking. Higher energy densities decreased cracking,

and cracking resistance was progressively higher for GTAW, electron and laser

beam welding, in the order of decreasing heat inputs.

3.2 Heat-affected Zone Cracking

Of the two types of HAZ cracking, liquation cracking occurs

intergranularly due to localised melting of the base metal grain boundaries

adjacent to the fusion line where temperatures are close to the weld metal

solidus. The liquation is associated with the formation of low melting

eutectic phases caused by segregation of elements such as niobium and titanium

along with impurities such as phosphorous and silicon. Fig. 8(a) and (b) show

the typical appearance of liquation cracking in the grain boundary in Type 347

stainless steel. In 8(b) the grain bojndaries have been broadened by

incipient melting. Often, liquation results in the formation of a 'ghost

boundary' network, which represents th i position of the original grain

boundaries broadened by liquation, and new grains are formed when cooled to

room temperature. In 18-Ni maraging steel, Pepe and Savage [8,14] found such

'ghost boundaries' and cracking due to liquation of titanium sulphides.

'Ductility dip cracking' occurs at grain boundaries without liquation at

temperatures much below the lowest solidus and is ascribed to a variety of

factors including creep and precipitation phenomena not involving the liquid

14



phase [12]. The elements involved in causing both types of cracking however,

appear to be similar. Both the types of cracking can occur in the base metal

or in the previously deposited passes in multi-pass welding. Cracks in the

heat-affected zone, due to their small dimensions are quite difficult to

detect without applying strain to the weld.

In their investigations on Type 347 stainless steels, Puzak et al

[2] found extensive liquation of grain boundaries in hot ductility test

specimens heated to 1623 K. Analysis of the liquated grain boundary revealed

the low melting constituents to consist of carbides and carbonitrides of

niobium along with manganese, silicon and iron. Tamura and Watanabe [10]

subjected Type 347 stainless steel to rapid heating to HAZ temperatures while

observing the microstructure under the hot stage microscope. Under rapid

heating rates, the grain boundaries at the fusion line migrated while sweeping

up solutes from the surrounding material. The solute enriched grain

boundaries liquated by forming eutectics between niobium carbonitrides and

austenite. Lippold [15] studied liquation cracking in Alloy 800, which

contained 0.4-0.5% titanium. Spot Varestraint testing produced liquation

cracks with significant broadening and migration of HAZ grain boundaries.

Under microprobe and auger electron microscopic analysis, the crack surfaces

were found greatly enriched in titanium, phosphorous and silicon compared to

the matrix. Based on the aoove study Lippold has proposed the following

mechanism for liquation cracking:

1. Rapid heating at the fusion line results in melting of the MC and

Mp,Cfi carbides, unpinning the grain boundaries and causing grain growth.

2. During grain growth the grain boundaries sweeo up titanium and other

solutes and the solute drag retards further grain growth.

3. Solute enrichment lowers the melting point at the grain boundary

drastically and localised melting occurs when the temperature exceeds the

liquation paint.

15



4. When strain is imposed on the liquated boundary, cracking results.

5. Liquation cracks from the HAZ may extend into the fusion zone or may

be backfilled by capillary action from liquid remaining in the weld.

Morishige et al [43] found a statistical relation between

composition and susceptibility to HAZ cracking, from hot ductility data for a

large number of alloys. When the parameter A H given by the following equation

was below 100, the hot ductility was poor:

A H = 700C + V C r - 37Ni - 117Nb + 29Mo +188 (7)

It is observed that niobium carries a large negative effect on hot ductility.

Dissolution of carbides of the MC type was primarily found responsible for

grain boundary migration and liquation in the stabilized grades of stainless

steel. Thus, careful control of the nature and distribution of carbides was

found essential to reduce cracking. On the other hand, in a study of several

fully austenitic stainless steels including Type 310 and 316 steels not

containing titanium or niobium, Kujanpaa et al [44] found HAZ cracking due to

sulphur segregation to the HAZ grain boundaries. Auger electron spectroscopy

revealed sulphur enrichment of 2000 times the bulk concentration at the grain

boundary. Considering the role of impurity elements in HAZ cracking, the

Morishige equation cannot predict cracking behaviour in non-niobium containing

steels, as no coefficients are included for S or P.

3.3 Interfacial Phenomena and Hot Crack_i_n g_

The physical properties of the liquid and solid interfaces are

recognised to be of fundamental importance to hot cracking. Hull [4] proposed

that the beneficial effect of delta-ferrite in ^educing cracking was mainly

due to a low interfacial energy for the ferrite-austenite boundary. The

dihedral contact angle of the liquid between solid surfaces is dependent upon

the energies of the solid-liquid interface and the grain boundary energy.

The interfacial surface energy ratio (f) is related to the dihedral angle & of
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trie liquid with the solid surfaces as proposed by Smith [45]:

T -' \ L / r s s ~~ V ( 2 cose/2) (S)

where Y is the surface energy, the subscripts SL and SS denote the solid-

liquid interface and the solid-solid grain boundary respectively and 0 varies

between 0 and 183°. Fig. 9 shows the variation of dihedral angle B with

increasing T . Wetting of the grain boundaries by a continuous liquid film

occurs for T less than 0.5 [3 less than 60°) and for values above 0.5, the

resistance to cracking is increased. The higher the solid-liquid surface

energy, the greater is the tendency to minimise the liquid-solid interface by

formation of isolated pockets of liquid instead of continuous films. The

wetting of grain boundaries is of importance to liquation cracking also, since

penetration of the HAZ grain boundaries by the liquid either from the weld

pool or from constitutionally liquated regions depends upon the relative

surface energies of the interfacial grains/phases.

These considerations suggest that in hot cracking, impurity elements

act by lowering the interfacial energy ratio and increasing wetting and

formation of continuous liquid films. In fully austenitic Type 310 weld

metal, Arata et al [46] found film-like phosphides when phosphorous content

was increased to 0.1% from the initial level of 0.022%. Both weld metal and

heat affected zone cracking are known to be caused by niobium carbonitride-

austenite eutectics in Type 347 stainless steel [6]. Titanium sulphides were

found in HAZ cracks in maraging steel by Pepe and Savage [14], Boron is known

for its interfacial segregation tendency. Boron-containing eutectics were

found to cause liquation cracking in a titanium stabilized stainless steel by

Donati et al [47].

•̂̂  Effect of Delta Ferrite on Hot Cracking Resistance

The effect of various delta ferrite contents on cracking in •

stainless steel was studied by Hull [4] in 1967 using the cast pin tear test.
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While it was generally known that delta ferrite reduced cracking, Hull

proposed that this effect was primarily due to the lower surface energy of the

austenite-ferrite boundary and its reduced wettability by eutectic films

compared to austenite-austenite or ferrite-ferrite interfaces. Masumoto [48]

found that primary ferritic solidification mode was essential to reduce

cracking and not residual ferrite content after welding. Subsequently,

various investigations were conducted using hot cracking tests for different

commercially used compositions [5,6,30,39]. It is seen in Fig. 10 that the

total crack length obtained in the Varestraint test for fully austenitic type

316NG (nuclear grade) [39] is much greater than that for primary ferritic

solidifying composition of the same specification. Also, the cracking

threshold is greater than 0.5% strain for ferritic solidifying types 316NG,

304 and 316 materials while cracking occurs even with minimum strain for fully

austenitic type 316NG. Due to the importance of the delta ferritic

solidification mode for hot cracking resistance, Lundin et al [39] recommended

that the material specification should include a minimum Cr /Ni ratio of

1.60 for critical applications where the risk of cracking cannot be tolerated,

apart from the usual stipulation of delta-ferrite content. As discussed

previously, the solidification mode and the amount of retained delta ferrite

are strongly dependent on the composition besides being affected by the

cooling rate in the welding process [36].

A number of factors have been proposed to explain the beneficial

effects of delta ferrite on cracking behaviour. However, most of the reasons

cited [49] and listed below have not been proven experimentally:

1. The higher solubility for impurity elements in delta ferrite leads to

less interdendritic segregation and reduces cracking tendency.

2. Cracks are arrested by the irregular path offered by a duplex

austenite-ferrite structure. The peritectic/eutectic reaction interface

arrests remaining pockets of liquid and thus crack propagation [50].

3. The lower wettability of austenite-ferrite boundaries by low-melting
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liquid film; prevents the formation of fissures.

4. The presence of ferrite results in a larger interface area due to the

sol ":d state transformation. The increased area disperses the

concentration of impurity elements at the grain boundaries.

5. The ducti1ity of ferrite at high temperatures is greater than that of

austenite, allowing relaxation of thermal stresses.

6. The lower thermal expansion coefficient of ferrite as compared to

austenite results in less contraction stresses and fissuring tendency.

7. The solidification temperature range of primary ferrite welds is less

than that of primary austenite solidified welds, providing a smaller

critical temperature range for crack formation.

8. The presence of ferrite refines the grain size of the solidified

metal, which results in better mechanical properties.

9. The higher coefficients for impurity diffusion in ferrite as compared

with austenite allow faster homogenisation in ferrite and less tendency

for cracking.

10. Coarse griin fonuadon in the HAZ occurring by recrystallisation and

grain growth in fully austenitic metals increases susceptibility to

liquation cracking [44], while ferrite forming compositions are not

susceptible.

Puzak and Riscnall [7] state that ensuring a certain content of

delta ferrite in the weld metal does not reduce the cracking tendency in the

HAZ. However, a positive ferrite potential has been found beneficial in HAZ

cracking. In a study of HAZ cracking in several stainless steels with

different impurity levels and solidification modes, Kujanpaa, David and White

[44] found that delta ferrite formation at the qrain boundaries in the HAZ

close to the fusion line reduced the crack initiation tendency. When the HAZ

lies in previously deposited weld metal, the delta ferrite present reduces

fissjring. Lundin and Choj [b'l] found that in the weld Tietal HAZ of multipass
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welds, cracking occurs if the delta-ferrite content is below about 1%. They

proposed that multiple cycling involved in welding transformed the ferrite

present in the HAZ, leading to a release of harmful impurities from the

ferrite and migration of the austenite-austenite grain boundaries, leading to

fissuring. They suggested that high ferrite potential weld metal may not be

susceptible to this type of cracking. However, Chou and Wu [52] in a

subsequent study found that multiple thermal cycling such as likely to occur

during repair welding can cause fissuring by segregation of impurity elements

regardless of the delta ferrite present in the weld metal.

3.5 Effects of Impurity and Minor Elements on Cracking

The bulk of the literature on hot cracking is devoted to the study

of compositional effects due to impurities and minor elements. Hull [3] and

Borland and Younger [53] studied the influence of several alloying elements on

cracking sensitivity. Accordingly, sulphur, phosphorous, boron, niobium,

titanium and silicon were identified as most harmful. The relative

solubilities of these elements and eutectic temperatures with iron, chromium

or nickel are shown in Table I as reported by Folkhard [54]. The low eutectic

temperatures show the tendency of these elements to segregate into the

austenite phase and the extent to which the solidus temperature can be lowered

by eutectic formation. The effects of the individual elements will be

considered in detail \n this section.

Sulphur:

Sulphur i:, known to be in undesirable impurity in welding of

stainless steels due to the formaticn of low melting sulphide films along the

interdendritic and g'-ain boundary regions. Sulphur is almost insoluble in all

three major constituents of stainless steel viz. iron, chromium and nickel.

The phase diagrams for sulphur bin- ries with all three elements show wide and

deep solid-1iqu'd regions with low partition coefficients for sulphur in
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austenite. Sulphur is strongly rejected into the liquid during solidification

of austenite, rapidly lowering the melting point of the interdendritic liquid.

Thus the potential for forTiing low melting eutectics remains strong even with

very low contents in austenite (<0.005%) [55].

On the other hand, delta ferrite shows higher solubility for

elements like S, P, Si and Nb. Solidification in the primary ferritic mode is

known to increase tolerance for S content to as high as 0.05% without hot

cracking. Arata et al [55,56] found that in the case of 304 SS with delta

ferritic solidification mode, a sulphur content uf 0.2% produced a low melting

sulphide eutectic at 1553-1683 K. Increasing the sulphur content did not

lower the critical strain for crack formation in the Varestraint test

appreciably. However, in the case of type 310 steel solidifying in the

austenitic mode sulphide films were present even with 0.005%S and increased

tne orittleness temperature range along with phosphorous. The total crack

length in the Varestraint test is mapped as a function of Cr /Ni ratio and

percentage of ?+-S [39] in Fig. 11. For ratios below 1.5, fully austenitic

solidification occurs and crack lengths above 2.5mm were found for P+S greater

tiian 0.15c/o. Matsuda, Katayamd aid Arata [55] recommended that for fully

austenitic stainless steels, the maximum S and P contents must be 0.005 and

0.006%, to avoid fusion 7one cracking. In a sr,udy of heat affected zone

cracking in a titanium containing i5Cr-15Ni steel Persson [57] found grain

bojndary precipitates of titanium ca-bosulphide which decreased the hot

ductility in the temperature range 1373-1573 K. As. stated earlier, Kujanpaa

et al [44] found sulphur ^nrich-nent of 2000 times at HAZ cracks in type 310

stainless steel. Thus, the harmful role of su'phur in hot cracking is

evident.

Phospnorus:

Phosphorus ranKs nex+ to sulphur in tne list of elements detrimental

to good we!dabi1 ity in stainless steels. Like sulphur, P forms low melting
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eutectics -with, iron, chrcmiim and nickel. T'ne maximum solubility of P in

austenite at the eutectic point (1423 K) with iron is 0.25% and 2.8% in

ferrite at 1323 K. Phosphide eutectics at interdendritic regions have been

found to lower the brittieness temperature range in Varestraint testing to as

much as 250 K lower than the solidus in fully austenitic type 310 steel [55].

The segregation tendency remains high due to the wide solid-liquid range and

low eutectic temperatures (1373 K ) . Further, it has been stated that the low

diffusivity of P in both austenite and ferrite phases even at high

temperatures virtually precludes homogenisation [54]. In a study of liquation

cracking in Alloy 800 welds containing 0.4% titanium, Lippold [15] found

enrichment of phosphorous on the HAZ crack surfaces up to 10 times the matrix

content even when present at a level as low as 0.01 %.

Boron:

Boron is another element which, like phosphorous and sulphur forms

low melting eutectics in iron and nickel systems. Boron forms a low melting

eutectic at 1411 K and 3.8% B in iron. The solubility in austenite at this

temperature is only 0.021% and decreases rapidly to become negligible at 773 K

and lower. The decrease is accompanied by the precipitation of brittle iron

and nickel borides. In studying the effects of various elements on hot

cracking by the cast pin tear test, Hull [3] identified boron as one of the

most damaging elements to hot cracking resistance. Donati et al [47] found

liquation in the HAZ when the boron content was greater than 0.001% in Type

321 stainless steels. Nevertheless, boron is very effective in improving

creep properties of stainless steels and a level of up to 0.005% is considered

desirable for high temperature applications [13]. Close control of boron

content weald therefore be required for ensuring adequate weldability.

Various optimum values have been recommended for boron content, ranging from

0.0025 to 0.006% [12]. Hence further work on the effects of boron on

weldability is required to fix a definite limit.
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Carbon and Nitrogen:

Carbon and nitrogen have a strong austenitising effect on the

solidifying weld metal. Arata et al [43] found that in 25Cr-20Ni steel,

carbon addition in the range 0.07-0.53% had a marginal beneficial effect in

decreasing brittleness temperature range (BTR) in the Varestraint test.

However, Ogawa [6] found that in 0.78% niobium containing steel, increasing

carbon from 0.03 to 0.1% reduced total crack length in the Varestraint test to

less than 1.5 mm from 6-7mm. This effect is probably due to the reduced

niobium content available for low melting eutectics.

The general effect of nitrogen on hot cracking appears to be

detrimental and is dependent upon the solidification mode. In the case of

primary ferritic Type 304L weld metal, Okagawa et al [58] found that FN

decreased from 4 to 0 for nitrogen additions of 0-0.1%, beyond which the

solidification mode and room temperature microstructure were fully austenitic.

In similar material, Matsuda et al [59] found that the extent of primary

ferrite at high temperatures decreased from 70-75% to 0-50% with progressive

nitrogen additions from 0.09 to 0.2%. Correspondingly, the hot cracking

resistance decreased and BTR values approached those of fully austenitic weld

metal. The interdendritic regions and crack surfaces contained greater

amounts of phosphides which could be related to increasing percentages of

primary austenitic solidification as nitrogen was increased.

Nitrogen addition has been reported to be beneficial in reducing

cracking tendency in stainless steels that have austenitic solidification

mode. Ogawa et al [6] found about 50% reduction in Varestraint total crack

lengths in Type 310 steel, a1., shown in Fig. 12. In a later study, Lundin et

al [39] found that on increasing the nitrogen content in the tfeld metal up to

0.12% by additions to the shielding cjas, the total crack length in the

Varestraint test decreased in austenitic mode type 316 steel, as in Fig. 13.

They found decreased interdendritic spacing and grain refinement with

increased nitrogen contents. The beneficial effects of nitrogen in these



instances have been attributed to the formation of stable nitrides which lead

to grain refinement [60,61]. Removal of silicon available for eutectic

formation is also considered to reduce hot cracking [61].

In a study of HAZ cracking of 347 stainless steel, Cullen and

Freeman [62] found that increasing the carbon and nitrogen content with

respect to niobium decreased the liquation tendency by increasing the

liquation temperature, as shown in Fig. 14. However, in alloys not containing

niobium, carbon and nitrogen have been found to increase cracking in the base

metal HAZ [12] and nitrogen has been found to increase weld metal HAZ crackina

[52].

While nitrogen improves cracking resistance in fully austenitic weld

metal, the overall cracking resistance of primary delta ferritic weld metal is

much greater. Hence, Lundin [39] recommends that while strengthening with

nitrogen, it is preferable to maintain a ferritic solidification mode.

Titanium and Niobium:

Titanium and niobium are strong carbide formers and are primarily

added to stainless steels to improve intergranular corrosion resistance.

However, both metals increase the creep strength of stainless steel while

increasing the fusion zone and HAZ cracking tendencies. Due to their high

affinity for C and N they are present as either carbides or carbonitrides.

Matsuda et al [63] found that Ti addition up to 0.05% decreased the hot

cracking tendency by increasing the melting point of low-melting phosphide

eutectics. However, higher amounts to 0.6% increased the BTR during

Varestraint testing by up to 100 K. Pepe and Savage found liquation cracking

in maraging steel by titanium sulphides [8,14]. In Alloy 800, titanium has

been found to cause liquation cracking in the HAZ, by forming carbonitrides

and segregating along with phosphorous and silicon [15]. During HAZ cracking

tests of A286 alloy [64] by Brooks et al the Laves phase Fe?Ti was found

responsible for liquation of grain boundaries. In a subsequent study,
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increase of titanium from 2.2 to 2.6% decreased the zero strength temperature

during hot ductility testing by 55 K [65].

Niobium is known to cause cracking in both weld metal and HAZ in

stainless steels to a greater extent than titanium [62]. The eutectic points

for niobium with chromium and nickel are 150-200 K lower than that for

unalloyed stainless steel. Greater delta ferrite contents were required to

maintain hot cracking resistance in niobium containing steels than when

niobium was not present [39]. Also, as shown in Fig. 14, when the niobium

content was in excess of the requirement for stabilizing carbon and nitrogen,

the liquation temperature decreased by 40-50 K [62]. Lundin et al found a

decrease in the threshold stress required for cracking in the SIGMAJIG test

with increasing niobium contents in Type 347 steels [39]. Morishige et al.

[43] found that niobium decreases hot ductility in the HAZ and obtained a

negative coefficient for niobium in their statistical relation (eqn. (7))

between hot ductility and HAZ cracking.

Si 1 icon:

Silicon has a ferrite forming tendency in weld metal. However it

has an unfavourable effect on weld metal cracking in both austenitic and

ferritic solidification modes by forming low-melting silicate films at the

grain boundaries. Silicon also tends to promote carbide formation and eutectic

segregation of other impurities. Also, it has much lower solubility in

austenite than in ferrite and widens the solidification range. Lundin et al

[39] found the total crack length in Varestraint testing to increase (Fig. 15)

with increased Si contents from 0.5 to 1.25%. They also found fine sulphides,

phosphides and manganese silicates at the crack interfaces. However, addition

of nitrogen appears to offset the harmful effects of silicon and 0.7-0.12% N

decreased cracking susceptibility. This interactive behaviour has been

attributed to inhibition of silicon segregation by nitrogen by formation of

higher melting nitrides. Lippold [15] found silicon enrichment at HAZ crack
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surfaces along with titanium and phosphorous in Alloy 800. The detrimental

effects of silicon to weld metal cracking are stronger in the austenitic mode

than in the ferritic mode. It has been recommended that silicon must be

kept as low as possible - 0.6-0.7% [66] or 0.5% [39].

Rare Earth Metals:

The high stability and high melting points of rare earth sulphides

and oxides have enabled the use of rare earth metals (REM) as scavenging

additions for desulphurising and inclusion shape control during steel making.

In a similar way, additions of lanthanum and cerium-neodymium containing rare

earth metals were tried in weld metal also [67]. Matsuda and Katayama found a

decreased hot cracking tendency on the addition of lanthanum and rare earth

metals in fully austenitic 310 type stainless steel. The brittleness

temperature range in transvarestraint testing decreased by 100-150 K for

optimum additions of 0.1-0-2% lanthanum to steels containing various

phosphorous and sulphur contents, shown in Fig. 16. Analysis of the

microstructure revealed high melting oxysulphides and phosphides of lanthanum,

cerium and other rare earth compounds with REM addition. However, with the

addition of higher amounts of lanthanum, the brittleness temperature range

increased steeply and very low melting eutectics were formed with austenite

(1073-1173 K melting point). The optimum addition of lanthanum for best hot

cracking resistance was a function of phosphorous and sulphur contents:

La = 4.5P + 8.7S (9)

Morishige et al [68] modified their original equation (7) for hot

ductility to include a positive coefficient of 3000 for rare earth metals:

A H = -700C + 17O - 37Ni - 117Nb + 29Mo + 3000REM + 170 (10)

In this modified equation, the hot ductility is said to be favourable if A H

is equal to or greater than 60, applicable to 347 stainless steels with REM

additions under 0.02%. However, Varestraint tests conducted on 347L and rare-

earth added 347R materials by Lundin et al [39] showed that REM additions were
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mainly effective in reducing weld metal cracking and that liquation in the

base metal grain boundaries was unaffected by rare earth additions.

Manganese:

Manganese is known to be beneficial in decreasing hot cracking

susceptibility by forming hign melting MnS inclusions in place of low-melting

sulphides. With the addition of more than 2% Mn, grain boundary sulphide

films are replaced by high-melting MnS inclusions which reduce hot cracking.

Matsuda et al [69] found that with increasing addition between 2-6% Mn, the

brittleness temperature range steadily decreased. In the case of very low

phosphorous and sulphur contents there was no appreciable improvement,

indicating a definite relationship with the reduction in low melting phases

containing these two elements. Dixon [70] studied weld metal in a high

manganese alloy containing 7.6% Mn with 0.004% sulphur and 0.019% phosphorous

and found it to be highly resistant to cracking in spite of having a fully

austenitic microstructure. He proposed that manganese encourages the

formation of ferrite at high temperatures while promoting rapid transformation

of delta ferrite to austenite in the solid state.
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CHAPTER 4

EVALUATION OF HOT CRACKING IN AUSTENITIC STAINLESS STEELS

Several tests have been developed to evaluate hot cracking in

stainless steels and other allo/s. Most tests are designed for one particular

aspect of hot cracking such as solidification cracking or HAZ cracking. While

the Varestraint tests [71] have been used to study weld metal and liquation

cracking, hot ductility tests on specimens subjected to weld thermal cycle

simulation have been used to evaluate susceptibility to HAZ cracking [72].

These tests are complementary and provide reliable quantitative measures of

cracking. They also have the advantage of requiring simple geometry and easy

preparation of specimens when compared with other tests. Ideally, weld

cracking tests should:

a) simulate the restraint conditions during actual welding,

b) involve simple and economical specimen preparation and test procedure,

c) be sufficiently sensitive to heat-to-heat variations in a particular

material

d) allow comparison of widely differing cracking tendencies,

e) provide quantitative and reproducible evaluation criteria for

comparing different materials and

f) allow independent control of mechanical and metallurgical variables

responsible for cracking.

Self-restraint tests in which weld beads are laid on a plate under

various welding conditions and cracking is observed for comparing different

materials [39] or for evaluating the effects of welding parameters on cracking

[70] are the simplest type of test. However, the self-restraint tests allow

no control ove^ the restraint in the solidifying metal, although they may

simulate actual weld conditions. The more versatile hot cracking tests will

be discussed in the following sections.



4.1 Hot Cracking Tests

4.1.1 The Finger Test:

The finger test developed by Apblett and Pellini [1] is a semi-self-

restraint test in which 6 rectangular bars of equal width are clamped rigidly

together in a fixture as shown in Fig. 17. A weld pass is made across the

lfingers'. Cracking of the weld metal is initiated by the gap between two

fingers under restraint due to clamping. After completion of welding, the

fusion zone is examined and the number of cracks and their length are

recorded. The severity of notching is increased by using greater finger

widths. The total crack length is taken as a measure of cracking tendency and

different materials can be compared under similar welding conditions. As

shown in Fig. 18, the total cracK length in the finger test has shown good

correlation with that obtained in the Varestraint test by Lundin et al [39].

4.1.2 Fissure Bend Test:

The WRC fissure Dend test [5] is used to test the hot cracking

tendency in multipass weld metals deposited by SMAW and GTAW processes. The

weld deposit is made up of two or three layers of weld beads laid to a width

of six beads on a type 304 stainless steel base plate rigidly clamped in a

fixture. The completed weld is ground flat and bent to an included angle of

120 degrees. The weld pad is ^essured fo1" ferrite content and dye penetrant

tested for cracks before and after bending. The number of fissures is taken

as a measure of cracking tendency. Fig. 19 shows the specimen configuration

and the results of a typical test shown with respect to ferrite content in the

weld metal. Lundin et al [5] used this test to rank several steels for hot

cracking resistance.

4.1.3 The Varestraint T-3St:

The Varestraint test and its modifications have been by far the most

poDiiiar of the hot cracking tests and have been used extensive!/ in the U.S
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and in Japan for studies on cracking in both weld metal and HAZ. The

Varestraint test setup developed by Savage and Lundin [16] is represented

schematically in Fig. 22. The test consists of applying an augmented strain

during deposition of a weld bead by conforming the test specimen of dimensions

300x50x12 mm to a forming block B as shown in the figure. Welding is

carried out by a mechanised GTAW torch with controllable welding speed.

Welding starts at the unsupported end of the specimen and strain is applied at

the free end when the weld pool reaches the point A, after which the torch

travels further to provide run-off. The augmented strain (e) is related to

the radius of the form block (R) by:

e = t/2R (11)

where t is the thickness of the specimen. The strain is varied by using form

blocks of different radii. After the weld is cooled to room temperature, the

portion of the weld puddle subjected to strain is cut out and observed under

a microscope. The number of cracks and the length of each crack are recorded

separately for the fusion zone and the heat affected zone, to be used in

calculating the cracking sensitivity in that particular region. Since the

welding parameters and applied strain can be independently varied, the test

allows separate evaluation of mechanical and metallurgical effects on

cracking.

To evaluate different materials, a set of welding conditions is

chosen and the materials are tested at different augmented strains. The

minimum augmented strain at which cracking occurs, called the cracking

threshold, and the total combined crack length at a particular augmented

strain have been found to be the best indicators of cracking tendency. The

test has been widely used for testing the effects of composition on cracking

sensitivity [46,71]. Lingenfel+er [73] found that the cracking behaviour of

two heats of Alloy UOO., when actually welded by GTAW to form butt joint-; in 12

mm thickness, shewed cracking as predicted by the Varestraint test.
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The sub-scale Varestraint test [39] setup is shown in Fig. 23 and

uses specimens of dimension 150x25x3 mm which are much smaller than that in

the original test. Welding starts at one end of the specimen and straining of

the weld puddle is done when it reaches the centre of the specimen. Welding

continues to the other end of the specimen and the vertical movement of the

torch is coupled with that of the ram. Grotke and Lessman [71] state from

experience with the sub-scale test that the method is inexpensive, fast,

reproducible and sensitive to heat-to-heat variations in cracking propensity.

However, the evaluation parameters of the sub-scale test are not directly

comparable to those of the the full scale test. The cracking developed is

less due to smaller specimen and weld pool dimensions, giving lower values for

total crack length and maximum crack length. However, the cracking threshold,

being a relative parameter dependent upon augmented strain remains the same.

Other modifications of the original Varestraint test are the

Transvarestraint test and the Spot Varestraint test. The Transvarestraint

test [74] consists of applying mechanical strain transversely on a weld bead

by conforming the specimen to a 'rooftop' former. In the spot Varestraint

test, the weld pool produced by a stationary arc is allowed to reach a steady

state and strained after the arc is shut off. This test has been found useful

when expensive metals or those available in limited quantity have to be

evaluated [75].

Varestraint Eva!uation Criteria

The following criteria i'ave been under use for evaluating cracking

by the Varestraint Test, as indicated by Lundin et al [31]:

Cracking Threshold: The cracking threshold is the minimum augmented

strain at which cracking occurs. Apart from being used to compare different

materials under given welding conditions, the variation of cracking threshold

with welding parameters can be used to evaluate welding procedures

Total Crack Length: The total combined crack length is obtained by

adding together the lengths of cracks found in the weld puddle and in the HAZ.
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An average value from several specimens is used. Lundin et ai [71] state that

the total combined crack length in the weld metal and in the HAZ will give the

best quantitative index of hot-cracking sensitivity in the respective regions

for a specific welding procedure.

Maximum Crack Length: The length of the longest crack measured in the

specimen is proportional to the width of the cracking temperature range for a

fixed set of welding conditions and augmented strain, and has shown good

correlation with actual cracking behaviour. Lundin [71] states that this

measure is useful for rapid screening of metals and to identify metals with

low crack sensitivity.

Brittieness Temperature Range: The brittleness temperature range is

derived from the maximum crack length. To determine the brittleness

temperature range, a thermocouple is plunged into the weld pool and the

temperature profile is obtained as a function of distance from the puddle. As

shown in Fig. 24, the difference between the temperature of the weld pool and

the temperature at the end of the largest crack gives the brittleness

temperature range.

The Varestraint tests have been used to study the effects of a

variety of metallurgical factors on hot cracking. In Fig. 10, the total crack

lengths in the Varestraint test obtained by Lundin et al [39] are shown for

several materials as a function of augmented strain, enabling the materials to

be ranked by susceptibility, it is also observed that primary austenitic

solidification mode increases cracking tendency. Similarly all-weld-metal

specimens can be used to evaluate filler metcls and electrodes. The effects

of minor changes in chemical composition en the base material cracking

tendency can be studied by implanting alloy additions to the base metal.

Cracking of the heat affected ?.̂ ne in previously deposited weld passes has

also been studied [51,^2].
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4.1.4 The PVR Test:

The Programme Controlled Deformation Cracking Test (Programmierter-

Verformungs-Risstest or PVR test) has been developed and used mainly in Europe

[17]. The test consists of making a weld on a flat test specimen while being

strained in a horizontal tensile testing machine at a preprogrammed linearly

increasing strain rate, as shown in Fig. 20(a). The weld is deposited along

the tensile axis of the specimen. The method of deformation subjects the weld

pool to a graded strain rate along the length of the specimen. After testing,

the specimen is subjected to liquid penetrant inspection to reveal fissures in

the weld and HAZ. The critical strain rate at which a certain number of

cracks appear per unit length is used as the criterion for evaluation. Both

weld metal and HAZ cracking have been studied [17]. This test method has the

advantage of providing variation in mechanical restraint in a single specimen.

Typical test results are as shown in Fig. 20(b). However, the evaluation

criteria appear to be subjective in the choice of critical strain rate.

4.1.5 The Sigmajig Test:

The Sigmajig Test was developed by G.M.Goodwin [76] for cracking

evaluation of thin sheet materia.s which are not evaluated satisfactorily by

the Varestraint test. A 50 X 5.1 cm sheet specimen is held between hardened

steel grips in a fixture and pn-jstressed to a -jet value. The "load is applied

by instrumented bolts balancer1 by spring tension. Welding is carried out on

different specimens with progressively higher values of prestress until

cracking occurs. On further increasing the stress, the specimen completely

separates. The threshold stress 'equired to initiate cracking is taken as the

measure of the cracking tendency. The test aims at f nding the critical

stress at the trailing edge of tH: weld pool which initiates cracking. Though

this value is theoretically iifficult to oDtain, Goodwin found good

correlation between thj value of the threshold stress and metallurgical

factors influencing cracking such as impurity levels and solidification mode
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in several heats of type 316 stainless steel. In a subsequent study [42]

Goodwin also investigated the variation in cracking tendency with heat input

and welding process using this test. In Fig. 21, the threshold stress to

produce cracking has been shown against heat input for type 316 fully

austenitic stainless steel welds made by gas tungsten arc, electron beam and

laser welding processes. It is observed that decrease in heat input increases

the threshold stress required to produce cracking.

4.2 Hot Ductility Testing

The weld simulator is a high speed tensile testing machine with

capacity for high speed resistance heating and cooling of the specimen. Weld

HAZ simulation is typically achieved by heating the specimen at a maximum rate

up to 1650 K/s and cooling at less than 260 K/s at 808 K. The specimen to be

tested is clamped between water-cooled copper grips which introduces current

through the specimen and ensures rapid heating. Feedback control of the

specimen temperature is achieved by a thermocouple percussion welded to the

centre of the specimen, which actuates control of resistance heating current

by reference to a pre-programmed cycle. Specimens can be heated to any

desired peak temperature and cooled to approximate actual HAZ cycles and

tensile load is applied rapidly at any stage in the cycle. The strain rates

required are high because of che rapid change in specimen temperature. When

the current is shut off, the specimen undergoes cooling by the water flow

arrangement. Duct"51 ity of the specimen is measured as percentage reduction in

area (%RA).

The hot ductility curve for a material is obtained as follows. A

specific thermal cycle is chosen and a series of specimens are tested at

different temperatures en the cycle after 3 holding time of 2 seconds at each

temperature up to the desired peak value. This gives the on-heating ductility

curve. The on-cooling ductility is evaluated in a similar way except that the

specimen is subjected to the heating eyeie and cooled to the test temperature
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along the programmed cycle. Several test methods and criteria have been used

by researchers for comparing materials and heat-to-heat variations in the same

alloy. However, most of them are based on the recovery of ductility after the

specimen has undergone the welding cycle. Susceptible alloys show reduced

ductility after cycling.

The test specimen used in the original test by Nippes et al [72] was

cylindrical with dimensions of 112 X 6 mm diameter. The test conditions used

were--rapid heating to 783 K followed by heating at a fixed rate of 130 K/s to

a peak temperature of 1598 K. This cycle simulated a heat input of 2.8 kj/mm

on a stainless steel section 38 mm thick and 293 K preheat. The loading rate

used was 125 mm/s. The test has not been standardised thus far and different

test parameters and procedures are adopted in the different countries which

use the test.

4.2.1 Evaluation of Hot Ductility Behaviour:

To fix the criteria for hot ductility evaluation, typical material

behaviour under this test must be considered. Nippes et al [77] classified

the different types of behaviour occurring during testing as shown in Fig. 25.

Class H2 on-heating behaviour is typical of a material severely susceptible to

HAZ cracking and should be rejected. Materials showing H1 class behaviour are

tested for on-cooling ductility to further evaluate cracking potential.

Cooling behaviours C1, C2 and C3 are most commonly encountered after class H1

on heating. Materials with class C1 behaviour are readily weldable and show

no tendency towards HAZ cracking. The C2 and C3 curves show less desirable

behaviour with C3 indicating the highest susceptibility to cracking.

Testing Methodology:

The following critical parameters are involved in the testing

"lethodology, according to Lundin [39]:

1. The thermal cycle to be simulated. The heating and cooling rates of

the actual weld cycle must be specified.
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2. Peak temperature is the highest temperature to be attained by the

simulation cycle and is lower than the bulk melting temperature. For on-

cooling tests, the peak temperature must be that closest to the fusion

line in the HAZ.

3. Strain rate: The straining rate must be fast enough to allow for

testing of the specimens at constant temperature.

4. Holding time: The specimen must be held at the test temperature for

a sufficient length of time to allow equilibration.

5. Thermocouple attachment technique must be specified since it can

introduce errors in temperature measurement.

While a material not susceptible to HAZ cracking must show curves as

shown in Fig. 25(c), in the case of susceptible materials, the behaviour is

either as shown in (d) or (e). In Fig. 26, the material shows zero ductility

on heating to a point well below the melting temperature called the zero

ductility temperature (ZDT). The difference between the melting point and the

ZDT is known as the zero ductility range (ZDR) and is used as a criterion for

crack susceptibility. In some cases, the material shows a sharp dip in

ductility at temperatures well below the ZDT. A dip in ductility occurs in

situations where stresses due to grain boundary sliding are not relaxed by

deformation of the grains leading to pronounced intergranular failure. The

decrease in ductility as shown in Fig. 27 has been termed the mid-range

duccility dip and this has also been used for evaluation of crack sensitivity.

The zero ductility temperature was proposed as the peak temperature

for testing by Nippes et al in 1957 [77]. However, in later years,

discrepancies were observed for some materials between Gleeble hot ductility

test results and actual weld HAZ cracking experience. It was recognised that

the variation of strength was also significant in cracking. In the case of

materials for which the zero ductility temperature coincided with the zero

strength temperature (ZST), no discrepancy was observed. However, Kreischer

[78] suggested that when ZDT and ZST were different, tests should be conducted
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on cooling from both temperatures. When both the ductility and strength

recoveries are poor on cooling, susceptibility is indicated. However, when

one of them is poor and the other moderately good, cracking may develop

depending on the relative abilities of the weld metal and base metal to

accommodate strains during welding. Williams [79] found that the use of a

higher peak temperature, namely ZST, provided a more accurate indication of

cracking susceptibility than using a lower maximum temperature.

Yeniscavich [80] studied the effects of several variables on hot

ductility testing such as holding time at test temperature (2-10s), crosshead

speed (3-100mm/s), cooling rates (11-55 K/s), and peak temperature (ZST to

ZDT). Peak temperature emerged as the most important factor as a higher peak

temperature showed lower ductility response over the entire test range.

Longer holding times lowered the ZDR and the extent of mid-range ductility

dip. He concluded that the zero-ductility range and the mid-range ductility

dip are the most important indicators of cracking tendency.

In a comprehensive review of hot ductility testing by research

groups in several countries, Lundin et al [39] indicate that the testing

criteria currently used are widely different and strongly require

standardization to allow meaningful comparison of test results. The testing

method including such variables as the thermal cycle, crosshead speed, peak

temperature for on-cooling tests, holding time at peak and testing

temperatures and thermocouple attachment technique must be specified. On the

basis of a study of test parameters, Lundin et al recommended a set of test

conditions [39] for standardisation of the test. They also found that the

extent of recovery of ductility during the on-cooling portion of the test was

quite important to cracking and have proposed two new criteria for evaluating

hot ductility data. The basis for the new criteria is that cracking occurs

when the thermally generated strains in the HAZ exceed the on-cooling strain

tolerance of the material. They defined the critical strain temperature (CST)

as the point at which the strain to produce fracture on-cooling exceeded the
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thermal strain produced during welding, as shown in Fig. 28. The thermal

strain produced during welding is a function of the joint configuration and

must be measured experimentally. The difference between the ZDT and the CST

was defined as the critical strain temperature range (CSTR). The on-cooling

ductility behaviour was described by the ratio between the on-cooling and on-

heating ductility values at the critical strain temperature, termed as the

ductility reduction ratio (DRR). The CSTR and DRR correlated well with HAZ

cracking results of Varestraint tests.

Weiss et al [81] proposed a model to explain material behaviour

during hot-ductility testing based upon consideration of metallurgical

phenomena occurring during thermal cycling. Fig. 29 schematically illustrates

the temperature range divided into three regions based upon the strengthening

and softening process taking place within the test sample:

Region I: At low temperatures, the ductility decreases with temperature

due to precipitation or solid solution hardening. The strengthening

process predominate over recovery and the material fails intergranularly

or transgranularly with reduced ductility.

Region II: At intermediate temperatures softening due to recovery is

predominant and failure occurs by ductile rupture with a steady drop in

strength.

Region III: At very high temperatures, strength and ductility may

suddenly drop due to liquation of gra^n boundaries. The material

exhibits severe loss of strength and ductility and fails

intergranularly.

Corresponding to Region III, Williams [81] found that grain boundary liquation

occurred at the ZDT while at the ZST he found extensive wetting of grain

boundaries. Though a few studies have been conducted, detailed investigations

of the metallurgical piienomena occurring during hot ductility testing,

especially during the cooling cycle, are scarce.
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CHAPTER 5

CONCLUSION

5.1 General Summary

Hot cracking is known to be a major problem in welding of austenitic

stainless steels, particularly in fully austenitic grades. Service conditions

for the Indian fast breeder reactor programme envisage the use of type 316LN

and type D-9 alloys and crack-free welding is a requirement. Of the three

types of hot cracking, namely solidification cracking, liquation and ductility

dip cracking, solidification cracking occurs in the weld metal while the other

two types occur in the heat-affected zone (HAZ). The formation of low melting

eutectics by segregation of impurity and minor elements has been found to be

the major cause of cracking.

During solidification cracking, the segregation occurs to

interdendritic regions and in liquation cracking to the grain boundaries.

Ductility dip cracking occurs without liquation in the HAZ grain boundaries

and is believed to be caused by weakening of grain boundaries due to impurity

segregation and relative strengthening of the grain interiors by precipitation

processes. While solidification cracking can be minimized by the use of

suitable weld metal compositions, HAZ cracking depends upon base metal

composition, which must be controlled to avoid cracking. The most harmful

elements for cracking have been found to be sulphur, phosphorous, silicon,

niobium, titanium and boron. Primary ferritic solidifying compositions are

much more resistant to cracking and tolerate much higher impurity levels (as

high as 0.015% for S and P) than fully austenitic weld metal. In the fully

austenitic compositions, the following maximum limits have been proposed in

the literature for good hot cracking resistance:

S P Si B Nb Ti
0.005 0.006 0.5 0.005 10 x XC 5 x %C

Nitrogen increases hot cracking in ferritic solidifying weld metal, though it
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is beneficial in fully austenitic weld metal. Manganese is a beneficial

addition as it reduces cracking. Lanthanum and other rare earth additions

have also been shown to be effective in reducing cracking by formation of

high-melting compounds with sulphur, phosphorous, nitrogen and carbon.

Several testing methods are under use for evaluating hot cracking

behaviour of materials. They range from fully self-restraint methods to

external restraint methods. Finger Test is a semi-self restraint test for

weld metal cracking. The Fissure Bend Test is used for studying the fissuring

tendency during multipass welding. The PVR and Varestraint tests are external

restraint tests enabling fully independent control of mechanical restraint and

metallurgical factors during welding. The external restraint tests show good

correlation with actual behaviour during fabrication and provide the best

indices of cracking propensity in materials. Material behaviour during

tensile hot ductility testing has been found to be essential for prediction of

HAZ cracking tendency. Good recovery of tensile ductility during the cooling

part of the HAZ thermal cycle is required for cracking resistance. However,

metallurgical changes in the HAZ under weld thermal cycling are not completely

understood.

5.2 Welding of Stabilized Stainless Steels:

The stabilized grades of stainless steel such as 347 and 321 usually

contain niobium or titanium to stabilize carbon and prevent intergranular

corrosion. Niobium stabilized stainless steels require more delta-ferrite to

prevent cracking than unstabilized grades and in general the stabilized grades

are prone to liquation cracking. Titanium is similar to Nb in its effect on

hot cracking, though slightly less harmful.

Niobium containing stainless steels are usually welded by ensuring

at least 4-5% delta ferrite in the weld metal for crack-free welding with

matching filler metals [54], For titanium stabilized steels, welding is

carried out with niobium containing fillers if high temperature strength is
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required in the weldment. Otherwise a low carbon unstabilized filler metal is

used if a lower service temperature range is acceptable. Titanium is not

added to filler metals due to its high affinity for oxygen and consequent

rapid loss of titanium by oxidation across the welding arc. However,

autogenous welding of titanium containing stainless steel can be carried out

with negligible loss of titanium by ensuring adequate shielding during GTAW.

The general recommendations for welding these stainless steels include:

a) ensuring sufficient amount of delta ferrite in the weld metal to

prevent cracking,

b) restricting the amount of Nb or Ti to the appropriate amount required

for stabilization (10 times and 5 times %C respectively) and

c) sufficient care during post weld heat treatments to ensure

intergranular corrosion resistance.

The composition limits specified for PFBR material have been plotted

(Fig. 30) on a newly developed FN diagram [29], wherein the fully austenitic

nature of solidification in D9 alloy is observed. Hence, for welding D-9

alloy the following precautions are to be taken against occurrence of

solidification and heat-affected zone cracking:

a) reduction in the levels of impurity and tramp elements S, P etc in

the base metal and in the weld metal to low values

b) reduction in the restraint on the weldment by appropriate joint design

c) using low heat inputs/high energy density processes

d) adoption of suitable welding procedures such as stringer bead

deposition, accurate joint preparation and careful grinding out of

defects during multipass welding.

5.3 Welding of Type 316LN Stainless Steel:

The 316LN base metal and type 316 weld metal composition limits

specified for PFBR construction are shown in Fig. 30. It is observed that the

ferrite content calculated from the diagram ranges between 0 and 6 FN for base
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metal and 0 and 8 FN for all-weld deposit. From the superimposed positions of

the solidification mode boundaries, it can be observed that both austenitic

and ferritic solidification modes are possible (Fig.30). The hot cracking

resistance of primary austenitic weld metal is much inferior to primary

ferritic weld metal. Hence, there is a need to carefully characterise hot

cracking susceptibility in the proposed 316LN stainless steel both in the weld

metal and heat affected zone.

5.4 Further Work:

I. Hot cracking and hot ductility behaviour of D-9 type alloys must be

studied using Varestraint type tests and weld simulation tests. Currently,

reports on the weldability of this material are scarce.

II. The role of nitrogen in determining hot cracking behaviour is not

clear at present. It appears to be beneficial in fully austenitic weld metal

but increases cracking in ferritic solidifying weld metal.

III. Hot cracking and hot ductility tests must be carried out on the

beneficial effects of rare earth elements, which may allow higher levels of

impurity elements to be present in the material without increasing cracking.

IV. The correlations between impurity element levels and hot cracking

and hot ductility behaviour have not been theoretically modelled to date and

the present relationships are empirical. Hence there is a need for predictive

modelling of hot cracking behaviour. Similarly, the Morishige equation does

not take into account the sulphur and phosphorous content in predicting HAZ

cracking.

V. Basic studies must be carried out on metallurgical behaviour during

hot ductility testing to enable greater confidence in applying hot ductility

test results.
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FIGURES

Fig. 1 Vertical section of the Fe-Cr-Ni phase diagram at 70%fe.

Fig. 2 Scnematic explanation of the origin of constitutional supercooling.

(after W.F.Savage 1980. Welding in the World 18(5-6):89-114).

Fig. 3 Schematic representation of solidification patterns as a function of

thermal and constitutional variables [38].

Fig. 4 Schematic chromium and nickel distribution across a dendrite after

solidification (case 3 assumed): A. primary austenite and B. primary

ferrite [21].

Fig. 5 Vertical section of the Fe-Cr-Ni phase diagram showing variation of

solidification mode with composition.

Fig. 6 Schematic variation of delta ferrite morphologies as a function of

transformation temperature and Cr /Ni ratio.
eq eq

Fig. 7 Typical appearance of hot cracks in stainless steel weld metal after

Varestraint testing. The dotted line represents the position of the

weld pool at the end of the test [39].

Fig. 8 Liquation cracking in the heat-affected zone of 347NG material: A.

Cracks at the fusion line 5. Incipient melting of HAZ grain boundary

[39].

Fig. 9 The variation of dihedral contact angle between liquid and solid

phases with surface energy ratio [45].

Fig. 10 Comparison of varestraint test results for fusion zone solidification

cracking of 316NG materials showing effect of solidification mode on

cracking tendency [39]..

Fig. 11 Effect of impurity element content (P+S) and Cr /H:, ratio on the

extent of solidification cracking in 316NG, 304 and 316 SS [39].

Fig. ]2 Effect of nitrogen on hot cracking susceptibility in fully austenitic

type 310 stainless sceel weld metal [6].

Fig. 13 Effect of nitrogen on solidification cracking in fully austenitic
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type 316 stainless steel weld metal [39].

Fig. 14 Liquation temperature of niobium containing alloys as a function of

the ratio of niobium content to carbon and nitrogen contents [62].

Fig. 15 Effect of silicon content on solidification cracking in 304 SS [39].

Fig. 16 The effect of lanthanum and other rare earth metal additions on the

brittleness temperature range in the transvarestraint testing of type

310 weld metal [67],

Fig. 17 Schematic representation of the Finger Test specimen [39].

Fig. 18 Correlation between total crack lengths obtained in the Finger and

Varestraint hot cracking tests [39].

Fig. 19 Fissure bend test procedure (A and B) and typical results (C). The

variation in ferrite number required to eliminate fissures as a

function of alloy type is shown. It is observed that Nb-containing

type 347 and 318 steels require much higher FN than 316 and 308 [5].

Fig. 20(a) Schematic illustration of the PVR test, (b) Typical PVR test

results for solidification (S) and liquation (L) cracking in several

austenitic stainless steels. The shaded lengths represent critical

rates of elongation for the formation of the first microcracks (S&L)

and unshaded lengths the rate of elongation for the first macrocrack

(S) and accumulation of liquation cracks (L) [54],

Fig. 21 The effect of heat input on threshold stress for cracking in the

Sigmajig test. The percentages refer to efficiencies assumed in

computing heat input [42],

Fig. 22 Schematic diagram of the Varestraint test procedure [39].

Fig. 23 Schematic diagram of the (sub-scale) Varestraint test procedure [39].

Fig. 24 Schematic illustration of the concept of brittleness temperature

range (BTR) for hot cracking [39].

Fig. 25 Classification of on-heating and on-cooling hot ductility behaviour

as proposed by Nippes et al. [77].
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Fig. 26 Schematic illustration of the zero ductility range (ZDR) criterion

for crack sensitivity [80].

Fig. 27 Schematic illustration of the mid-range ductility dip crack

sensitivity criterion [80].

Fig. 28 A schematic drawing of the concepts of critical strain temperature

range (CSTR) and ductility reduction range (DRR) proposed by Lundin

et al [39].

Fig. 29 Metallurgical factors contributing to hot ductility behaviour

according to Weiss et al [81].

Fig. 30 The new FN diagram showing the composition ranges of D-9 and 316LN

alloys in terms of chromium and nickel equivalents calculated by the

statistically derived [29] formulae. the solidification mode bound-

aries are superimposed on the iso-ferrite lines.
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Fig. 4 Schematic chromium and nickel distribution across a dendrite after

solidification (case 3 assumed): A. primary austenite and B. primary

fern'te [21].
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Fig. 7 Typical appearance of hot cracks in stainless steel weld metal after

Varestraint testing. The dotted line represents the position of the

weld pool at the end of the test [39]. 200 X.
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pig. 17 Schematic representation of the Finger Test specimen [39].



Fig. 18 Correlation between total crack lengths obtained in the Finger and

VaresLr air.t hot cracking tests [39].



.38 R

(a) Fissure bend test weld pad (b) Fissure bend test fixture,
configuration.

;u
re

s
er

 o
f 

fis
s

N
um

bi

60

50

40

30

20

10

C

j

j
•—Zj—

°l
io m l
7 Ul\

I" l\1

1 0 1

Ijj — I

\ \
\ \

) 1

\

\

\

1

j

I

-k
2

I

(

- t

w i
3

FN
(c)

UJ

I

; -

I

\

4

\

i

i- - -

\ .

5 t

Fig. 19 Fissure bend test procedure {^ and B) and typical results (C). The

variation in ferrite number required to eliminate fissures as a

function of alloy type is showc. It is observed that Nb-containing

type 347 and 318 steels require much higher FN than 316 and 308 [5].



Preprogrammed linearly
, increasing deformation rate

| Specimen for all weld metal

machined
and surface

controlled
PVR specimen

)8Cr/16Ni/3,5Mo/NL

20Cr/25Ni/6 Mo/4Mn/CuNL
FN=0

25C.720Ni/2Mo/5Mn/Nl

17Cr/16Ni/2Mo/5Mn/L

(•b)

Fig. 20(a) Schematic illustration of the PVR test, (b) Typical PVR test
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austenitic stainless steels. The shaded lengths represent critical

rstes of elongation for the formation of the first microcracks (S&L)

and unshaded lengths the rate of elongation for the first -nacrocrack

(S) and accumulation of liquation cracks (L) [54].



o
CL

700

600

500

400

300

200

100

0

i 1

_

a.

—

-

-

t

i 1 1 i r

UTS
(cold worked)

UTS
(annealed)
A

A
A

A n
•

o

1 1 1 1

1

o GTA

a EB

] i

35%

50%

A LASER 20%

a

o

i

—

o

o

o
1 1

-100

-75

50 ~£

-25

0 0.5 1.0 1.5 20 2.5 3.0 3.5 4.0 4-5 5.0
NET HEAT INPUT (J/mm)

Fig. 21 The effect of heat input on threshold stress for cracking in the

Sigmajig test. The percentages refer to efficiencies assumed in

computing heat input [42].



i

WELDING

8"

DIRECTION
(A)

TOP VIEW

1

oo

oo

SPECIMEN
7 . ARCA(C| f r rn

Fiq. 22 Schematic diagram of the Varestraint test procedure [39].



4.
Pass

TOP VIEW
Specimen after Bend .

Specimen before Bend .

.rm.

Wedge

.GTAW Torch Attached
Die Block Support Block
to Move with it

Dowel Pin

or

IB

, Die
Block

"•

"1
a> I

£

-Grip

-Wedge

Stop Blocks

FRONT VIEW

fig. 23 Sciematic diagram :if the (sub-scale) Varcstraint test procedure [39],



ARC
INITIAL POSITION OF THERMOCOUPLE

MAX. LENGTH OF CRACKS

STEELS

-ALUMINIUM & ALUMINIUM ALLOYS

END OF WELD PUDDLE

ATB BRITTLENESS TEMPERATURE
~f RANGE

0 DISTANCE FROM END OF WELD
PUDDLE

Fig. 24 Schematic illustration of the concept of brittleness temperature

range (BTR) for hot cracking [39].



TYPICAL TESTED-ON-HEATING BEHAVIOUR
(a) (b)

TYPICAL TESTED - O N - COOLING BEHAVIOUR
(c) (d) (e)

cr
_ o

CLASS C( )2

1 \
I
I
1

cr

CLASS C( )3

- - " \
\

T T

HEATING COOLING

F i g . 25 C l a s s i f i c a t i o n of on-heat ing and on-cool ing hot d u c t i l i t y behaviour

as proposed by Nippes et a l . [ 7 7 ] .



<
LU

o

o
UJ

LU
O

LU

CRACK SENSITIVE

CRACK RESISTANT

\
PEAK

M

TEST TEMPERATURE ZDR

ZDR

Fig. 26 Schematic illustration of the zero ductility range (ZDR) criterion

for crack sensitivity [80].



,<ACK RESISTANT

TEST "EMPERATURE

Fig. 27 Schematic illustration of '.ie mid-range ductility dip crack

sensitivity criterion [80].



O

a

CONCEPTS OF CSTR & DRR

On heating
ductility

On cooling
fracture strain

Thermal strajn,.

TEMPERATURE
CSTR

(ZDT CST)

Fig. 28 A schematic drawing of the concepts of critical strain temperature

range (CSTR) and ductility reduction range (DRR) proposed by Lundin

et al [39].



Strengthening
Processes

-^/Precipitation//
^Strain or /
^Solid Sojution

v

'Temperature

Softening
Processes

Grain

Bulk
Melting

Fracture
Mode

-vGrain Boundary/v;

Fig. 29 Metallurgical factors contributing to hot ducti l i ty behaviour

according to Weiss et al [81].



• 4 -

o

18

16

U

» 12
cr

Z
10

D-9

U 16

Cr eq

18 20 22 24

Cr + Mo + 0.7Nb
26

Fig. 30 The new FN diagram showing the composition ranges of D-9 and 316LN

alloys in terms of chromium and nickel equivalents calculated by the

statistically derived [29] formulae. The solidification mode

boundaries are shown superimposed on the iso-FN lines.


