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Abstract

The last four decades have seen remarkable progress in the development of High Strength Low
Alloy (HSLA) deds for dructurd applications in pipelines, offshore gructures, ships and
buildings. These developments have been driven by the need to obtain improved combinations
of wedability, toughness and drength in tonnage quantities a affordable prices They have
engaged dl sectors of the industry; steemakers, manufacturers, congtructors, operators and
safety regulators, and have spanned disciplines from theoreticd modeling to manufacturing and
gte condruction activities. At the heart of these developments has been the understanding of
the physcd and chemicd metalurgy of the sted product, how the joining process influences it
and how this in turn deermines the peformance, integity and rdigbility of the find
ingdlation. Interest has focused particularly on the weld heat affected zone, its microstructure
and properties, especidly the effect of sted chemistry, weld process and heat input, preheat and
post-weld heat treatment on wedability and toughness.  While sgnificant improvements in
weldability have been achieved over the years through reductions in the carbon equivdent, a
consequence of this has been the increased reliance on thermo-mechanicd processing and a
dhift to microaloy-dominated dtrengthening mechanisms, away from the carbondominated
mechanisms on which the origind understanding was based. In turn, improvements in
toughness in one region of the multi-pass weld heat affected zone have exposed other regions
as the weskest remaining links. A resurgence of interest in yet higher srength, especidly for
pipdines, has prompted closer examingion of many enginegring-criticd  performance
parameters associated with the integrity of the weld zone. The paper examines recent and
current research that is directed towards obtaining a more coherent understanding of the effects
of weding parameters and sted compostion on both wedability and toughness, focusing
particularly on the parent metd heeat affected zone. It explores how the different influences are
kept in badance, thereby ensuring the effective condruction and relidble operation of next-
generation pipeines and structures.



Introduction

The hisory of developments in HSLA dructurd deds during the last four decades has been
driven by the need to obtain improved combinations of drength, toughness and wedability in
tonnage quantities a affordable pricess Whether the agpplications have been for energy
pipelines, offshore sted dructures or ships, the objectives have been broadly smilar, even
though the bdance of requirements may vay as determined by the gpecific design or
operationa needs.

The requirement to achieve this objective has engaged al sectors of the industry: stedmakers
and product producers, congructors, operators and safety regulators. It is a tribute to those
involved a the early stages of development that the need for a holistic gpproach was soon
recognized and embraced to good effect; many of the sgnificant steps were as a result of these
interactions, building the broad industry-based confidence essentid for making the often
ggnificant invesmentsin capital plant and industry practice.

As a result of the specific thermodynamic and kinetic attributes of its carbide and nitride
precipitates in ded, niobium can judifiably be consdered the enabler of modern, controlled-
processed HSLA geds These deds themsdves have certanly been the enablers of efficient
and cogt-effective design and condruction technologies in a variety of gpplications. In the fidd
of transportation pipdines, for example, the increases in the available strength level of line pipe
that have taken place during the last forty years (from X52 to X80, with X100 on the horizon)
have ddivered cumulative benefits vaued in the billion dollar range, largdy because they have
been achieved without compromising congtruction methods that were prevaent in the industry.

The dmilaities and differences in sedmeking, metd forming and wedding processes
applicable to pipdine and dructurd deds highlight the wide range of influences on the wed
heat affected zone (HAZ). They dso point to why so much atention has been focused on
developing an undergtanding of the reaionship between microstructure and mechanica
properties within the different zones that make up the HAZ.

Smilar condderations aise concening the wed metd in HSLA ded wddments The
relationship between weld-meta compostion, microstructure and mechanical properties is even
more complex than for the HAZ because, in addition to dl the issues identified above, the weld
metd compogtion itsdf is a function of both the parent and consumable chemidtries and the
welding process variables.

Many papers have been written during the last 40 years exploring the influence of different
parameters on properties and microstructure of both the HAZ and the weld meta. It is not the
purpose of this paper to attempt yet another review; rather it is the am to focus particularly on
the parent metal HAZ and draw out some of the key trends and influencing factors that give an
ovedl undesanding; firds how the medlurgicd and themd factors influence the
development of the HAZ microdructure and second how the HAZ microgtructure influences
the important properties of weldability and toughness.

Trendsin Steelmaking and Plate Forming
At the heart of the steddmaking and plate-forming developments has been the understanding of

the physcd and chemicd metdlurgy of the sted product; how it is influenced, firgly by the
sedmaking and metad forming processes and secondly by the welding process. In combination,



these processes determine the integrity and rdiability of the find inddlation, matching the
initid design requirements.

The dgnificant advances in steedmaking technology have come about as steemakers worldwide
have invested in new plant and facilities to meet the requirements for low-cost high-qudity
ded. Mgor changes include the introduction of basic oxygen stedmaking, improvements in the
accuracy of process control, and reductions in sulphur and phosphorus contents through
techniques such as ladle sedmaking and ladle refining. In addition to reductions in resdud
eements, the overdl control of compogtion and homogeneity has improved substantialy.
Product homogenety has adso been sgnificantly improved by changes from ingot to continuous
dab cadting technology, and its subsequent extensive refinement, minimizing the consegquences
and extent of centerline segregation.

A scond mgor trend has been the introduction and refinement of controlled rolling and
thermo-mechanical processng. Controlled rolling of pipdine plate steds was firs introduced
nearly forty years ago. In the early years controlled rolling coupled with heat trestment was
used to reduce the carbon equivaent of the normaized product. The laer introduction of
thermo-mechanica processing enabled further reductions of both carbon equivdent and
microdloying content, while increesng paent metd dregth without sacrificing weldability.
The introduction and refinement of accderaied cooling during the last 20 years has added il
further to the ahility to achieve strength without extra carbon or microaloying.

Controlled rolling and thermo-mechanical processng were at first only gpplicable to the thinner
products such as plates for pipdines, less than 25 mm (1 in) thick. In time the enhanced
performance of processng plant has dlowed the gpplication of smilar gpproaches to offshore
dructural gtedls, in excess of 50 mm (2 in) thick, resulting in Smilar benefits, however, because
increesed  drength was not  paticularly beneficid for many offshore dructurd gpplications
where plagtic collapse and fatigue are more criticd, the benefits were largely focused on
improving weldability and weld zone toughness. Only for the thickest plates, used for offshore
and shipbuilding gpplications, did normalizing remain as amgor manufacturing route,

The origind base materid was, and remans, carbonmanganese-niobium sed. However, it is
interesting to note that the changes in sedmaking and processng technology have led to a
progressive fdl in the amount of niobium added (Ref 1); between 1972 and 1981 for example
the niobium leved in offshore dructurd steels halved from around 0.05% to below 0.03%
(Figure 1).
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Figure 1: Change in niobium contents of offshore structural sted [from Kirkwood (1)].




This came dout largdy because of the more efficdent use of niobium in conjunction with
improved use ad control of rolling processes, achieving the same effect of gran sze control
with less dloying addition. It should also be remembered that during the same period there was
an dmost proportiona reduction in carbon content, and hence a much smdler effect on the
ba ance of niobium to carbon.

Welding Processes

The other main influence on the integrity of the find inddlation is the weding process. For
large-diameter pipdines, much of the ealy focus was on the achievement of adequate
toughness in the submerged arc seam wed, to provide the same security againgt fracture
initiation as in the parent metd (2,3). Such seam welds are typicdly made in two passes with
heat inputs of 2 to 4 kI¥mm (50-100 kJin). Attention later turned to manud girthrweld
toughness, once the dgnificance of axid dresses aisng from geomechanicdly induced and
operational loads had been recognized. The introduction of semi-automeatic and mechanized
welding processes and the move towards assessment of weld defects on a fitness-for-service
bass have focused attention on the toughness of both the weld metd and the heat affected zone
(HAZ) of the girth weld (4-8). Typicdly such welds are made a heat inputs around 0.7-2
k¥mm (1550 kJin) for manual processes and 0.5-1 kI¥mm (10-20 kJin) for automated
processes.

For offshore dructura seds (9-12), manud and semi-automatic welding processes are widdy
used, but with the increased plate thickness there are more weld passes and the wed
preparation can often be asymmetric. The drive to reduce condruction times has led to a
dightly higher range of heat inputs (typicadly 3 — 5 kImm, 75 — 125 kJin) than for pipeine
girth welds, but this is congrained on the one hand by the need to avoid hydrogen cracking
during fabrication and on the other by the need for good toughnessin the HAZ.

For shipbuilding applications (Ref 13), a primary requirement is the achievement of high wed
depogtion rates through high heat input welding. Toughness in the weld zone is less important.
Heet inputs for submerged arc welds may be in the range 2 — 10 k¥mm (50 — 250 kJin), while
for eectrodag welds they may typicaly be 25 — 50 k¥mm (600 — 1300 kJin). Such high hesat
inputs can result in wide HAZs and correspondingly coarse microgtructures, as will be
discussed below.

The Development of Weld Zone Microstructure

The HAZ is made up of a wide variety of microstructures, each influenced by the hedting rete,
peak temperature and cooling rate during the depostion adjacent weld med is solidification
and cooling (Figure 2).

For the weld heat inputs applied to structurd HSLA gtedls, the peak temperature (and the width
of the peek) may be sufficient to cause ggnificant coarsening of the augtenite grains closest to
the fusion line. The subsequent cooling times from 800°C to 500°C (1470 — 930°F) may vary
from 15 seconds or less at around 1 kJmm (25 kJin) to 30 seconds a 5 k¥mm (125 kJin) and
around 200 seconds at 40 kJm (1000 kJin). The corresponding prior austenite grain 9zes may
vay from 50 pm to over 250 pm, while the intra-granular microstructure may vary from auto-
tempered martendite to ferrite- pearlite.
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Figure 2: Heat affected zone microstructure in two-pass and multi-pass welds.

In a multi-pass weld, the HAZ from the second bead overlaps the HAZ from the first bead,
giving rise to a vaiety of patidly and fully reheated zones (Figure 2). The zones of most
importance are the sub-criticaly or intercriticdly reheated coarse-graned HAZ regions, in
which the previous microgtructure is either tempered or partialy retransformed and re-cooled.

The Coar se-grained Heat Affected Zone

Many studies (eg. 4,5,7-9,11,14,15) have examined the interactive effects of the weld therma
cycle and the sted composition on the microstructure of the coarse-grained heet affected zone.
In view of the complex and interacting effects of different dloy eements, it is hardly surprisng
that the reported effects are confusng and often conflicing. The key microstructurd
parameters so far as subsequent properties are concerned are as follows (see also Figure 2).

Augenite Grain Sze

Audtenite grain growth occurs rapidly a temperatures above 1000°C (1830°F), unless it is
condrained by fine particles such as micro-dloy carbides or nitrides. Niobium has traditionaly
been usad for this purpose (Figure 3); however the amount must be carefully controlled to
ensure the particle digpersion is neither too coarse nor too fine. In recent years titanium, which
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Fgure 3: Effect of titanium, niobium and nitrogen on prior augtenite grain size [from Kirkwood (1)].
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forms a dable nitride even a the highest temperatures, has been used grain growth in a wide

range of pipdine, sructurd (Figure 4) and shipbuilding steds.
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FHoure 4. Influence of niobium and titanium on farite gran sSze [from
Heisterkamp et a (12)], TMCP = Thermo-Mechanica Controlled Processing.

Intragranular Microstructure

The microdructure that forms on cooling depends on the hardenability of the meterid and
therefore on the temperature range over which the trandformation from augtenite to ferrite and
cabides takes place This is influenced by the presence of dloying dements such as
manganese, chromium, molybdenum, vanadium, copper and nickd. It is aso influenced by the
extent to which gran boundary nuclegtion of ferrite may be suppressed by dements such as
boron, and the extent to which intragranular ferrite nuclestion may be promoted by the
presence of fine paticles such as titanium oxide. Findly, and most important, the
microgtructure is dependent on the carbon content, which determines the balance of ferrite and
carbide phases in the find microgtructure.

The rdaionships between transformation temperature and microstructure are illudtrated in
Figures 5 and 6. At the highest transformation temperatures the ferrite tends to form as
equiaxed grans a the prior audenite boundaries and as randomly orientated grains in the
interior.  Carbon-rich areas trandform as relatively coarse carbide aggregates. As the
transformation temperature reduces, gran boundary ferrite is replaced by interior colonies of
laths in pardld orientation or Widmangtatten ferrite; discrete carbide particles are formed at the
lah boundaries a the higher transformation temperatures and are progressively replaced by
idands of high-carbon martenste-augtenite as the transformation temperature fdls. At the
lowest transformation temperatures, there is no longer sufficient time for long-range partition of
carbon, and transformation to bainite or martenste occurs, if martendte forms, some auto-
tempering may occur during subsequent cooling.
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Rothwel and Dorling (5)].
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Microdloying eements can influence the coase graned HAZ microdructure in  severd
contrasting ways.

Elements which form gdable fine precipitate dispersons at high temperatures (eg.
Ti) can redrict grain growth, promote intragranular ferrite nuclestion and raise the
transformation temperature range;

Elements which remain in solid solution (eg. Mn, Ni) can reduce the transformation
temperature range and contribute to solid solution hardening of the transformed
product;

Elements which are largely dissolved a the pesk of the wed themd cycle and
which form fine carbides or nitrides on cooling can promote ferrite formation (eg.
V), rase the overdl transformation temperature range and reduce intra-lath carbide
formation; dternatively they may dday ferite formation (eg. Mo, Cr), lower the
transformation temperature range and encourage martendite-austenite formation.



The unique role of niobium in determining HAZ microdtructures is reated to the solubility
Characteridtics of its carbonitride; more soluble than titanium but less soluble than vanadium
and molybdenum. This leads to the posshility that niobium, done among the microdloying
elements, can act in severd of the above ways depending on the amount present, the carbon
content, the ‘compstitive’ interaction with other microdloying dements, the avalable nitrogen
content, the previous manufacturing history and the weld therma cycle.

Niobium carbonitride dissolves in audenite only a temperatures above around 1000°C
(1830°%F). For repid weld thermd cycles, insufficient time is spent above this temperaure for
ggnificant dissolution and the redricting influence of niobium on audenite gran growth is
consequently linked to the preceding disperdon. At the dowest weld thermd cycdles dissolution
occurs and can be followed by reprecipitation in ether audenite or ferrite.  Precipitation in
audenite can redrict gran growth and may promote early nucleation of ferite a the
boundaries.  Precipitation may dso occur as ultrafine paticles during transformation to
bainite, reducing the width of banite laths and encouraging carbide aggregate formation at the
interstices. However at intermediate cooling rates the precipitation of ultrafine particles may be
suppressed, promoting martendite-augtenite idands in the interstices.

It is clear that when the effects of adloy compostion and weld thermd cycle are superimposed,
there are nany different competing and interacting influences. As a result the development of a
generd quantitative description of the ways in which dl these microstructurd  effects combine
to determine HAZ properties is a problem of grest complexity. Neverthdess, the key
influencing factors described above provide useful generd guiddines for predicting the
probable outcome of specific changesin compositiond or processing variables.

ThelIntercritically Reheated Coar se-grained Heat Affected Zone

In multi-pass welds, the superimposed HAZ from the second bead gives rise to a range of
patidly and fully retrandformed zones within the origind coarse-grained HAZ. The zone of
mogt importance with regard to HAZ propetties is the intercriticaly reheated coarse-grained
HAZ, in which the previous microgructure is patiadly transformed to audstenite (8,14). The
partia transformation results in loca areas of carbontrich augtenite, which are further enriched
by dissolution of additiona carbon from the surrounding area and subsequently retransformed
to high-carbon twinned martenste on cooling. These brittle ‘idands, up to 5 um in sze and up
to 5% of the microgtructure, can have a sgnificant influence on toughness properties, as will be
Seen later.

Detalled dudies of martendte idands in the inter-criticaly reheasted zones have indicated that,
as expected, their formation and didtribution are influenced by chemica composition, heat input
and the rddive podtion of individud beads in the multi-pass weld. So far as compostiond
effects are concerned, increased dloy element content (for a given carbon content) increases the
volume fraction of martendte idands and decresses the likelihood that the martengte will be
decomposed by subsequent weld therma cycles.

TheWeld Metal

It is not the purpose of this paper to discuss in detail the microstructure and properties of the
weld meta. Neverthdess it is important to note that the reaionships between weld meta
microstructure, composition and welding conditions are even more complex than in the HAZ.



This is because, while dl the factors discussed above come into play, the chemica compostion
of the weld metd and its macrodidribution in the solidified wed pool ae functions of the
parent and consumable compositions, the flux activity and the welding process variables.

Many of the basc microstructurd principles that apply to the HAZ are dso vdid with respect
to the weld metd. However an additiona important microgtructure is acicular ferite,
consding of fine interlocking grans tha have a basket-weave appearance. Its formation
depends not only on a suitable combination of chemicd compostion and cooling rate, but dso
on the exigence of an gppropriate digribution of fine non-metdlic indusions. The incluson
digribution is very dependent upon the flux or shidding gas composition. The development of
acicular ferrite microgtructures in weld metals in the 1970's and their associated good toughness
led to the subsequent development of titanium-containing oxide-disperson compostions for
gructurd steds, with smilarly improved HAZ properties.

Weldability - Resistance to Hydr ogen-assisted Cold Cracking

Historical Development of Approachesto the Control of Cold Cracking

The higory of approaches to cold cracking in dructurd and pipdine steds, and some of the
asociated testing techniques, have been reviewed and summarized by Yurioka (16) and by
Glover and Rothwell (17,18). To a large extent, these developments mirror the advances in
materials that have taken place over the same time-scde In the fifties and early sixties, the
deds that were used for line pipe and for other sructural applications were rather smple,
carbon-manganese formulations, if micro-dloying dements were used a dl, it was soldy to
assd in gran-sze control during the heat trestment of materids for which the specified
toughness could not be achieved in the as-rolled condition.

It was dready redized that hydrogen cracking occurred within a limited emperature range and
depended on a criticd conjunction of hydrogen content, tensle stress and susceptible
microstructure. However, the tranformation charecteritics of these deds and the
susceptibility to cracking of the transformed microstructures, were such that an approach to
crack prevention based primarily on HAZ hardness could be applied successfully. For the most
part, hardened microstructures were so susceptible to cracking that their formation could not be
tolerated, unless extremely low hydrogen contents and stress levels could be guaranteed. On
the other hand, the variation of hardness (an approximate measure for cracking susceptibility, in
these deds) with cooling rate through the transformation range was deep. The control of
cooling rate, through redrictions on heat input and thema severity (essentidly, combined
thickness of the weldment available to conduct heat awvay from the weld), could thus be used to
avoid cracking.  Criticd hardness levels could be edtablished, depending manly on the
hydrogen potentid of the welding eectrodes, and indexed to welding conditions that would
avoid cracking. The traditiond (“lIW”) cabon equivdent was an effective way of
encgpaulating the influence of chemicad compostion on hardenability. Methods such as the
Controlled Thermd Severity (CTS) ted, and under-bead cracking tests, for smple joint
configurations such as pipeline girth welds were effective ways of determining weldability.

The practica application of controlled-rolled HSLA deds in the late Sxties and seventies,
coupled with developments in steddmaking and casting technology, made it possble to achieve
equivdent, and even higher, drengths with lower levels of carbon and dloying dements.  For
these materids, if the carbon content was low enough, even the fully-hardened microstructure
could have adequate resstance to cracking -see, for example (19). On the other hand, if
conddered in traditiond terms, the critical hardness concepts that had been established for older



steels were not gppropriate. It was redized that hardness levels that would have been
conddered “safe’, for older-generation steds, were not necessarily so, under equivaent
conditions, for these newer materids. Greater atention was pad to the role of hydrogen
(generdly expressed as the average hydrogen content of the weld metd, determined in
conventiond tests for hydrogen potentia), as wel as to the avalable time for diffuson of the
hydrogen away from the weld zone prior to cooling into the cracking range (typicaly, less then
100°C). Approaches to the control of cracking in this period can be referred to as “average
hydrogen” modds, of which a number exis. Typicdly, they use a carbon equivdent such as
Pem that assigns greater importance to @rbon itsaf, reflecting the importance of the hardness of
the fully- hardened microstructure, rether than hardenability only.

A broader approach, that uses a carbon equivaent in which the relative importance of carbon
and dloying dements varies with carbon content, was proposed by Yurioka in the early
eghties (20), and has snce been widdy gpplied in the pipdine indugry. In the application of
these models, the cooling time was measured down to temperatures close to the cold cracking
range (often 100°C), which is a better reflection of the potentid for hydrogen diffuson, and is
much more influenced by preheat than ae cooling rates in the trandformaion range. The
applied dtress aso began to be taken into account quantitetively, often determined in terms of
reection dress (that arising from therma contraction againg the redraint of the joint). Many
specific equations for crack avoidance (on the basis of critica cooling time or preheat, or
critica dress) were developed that involved these variables, or equivdents for them (see, for
example, the approaches referenced by Yurioka in (16). Typicdly, these involved linear
combinations of terms expressng the effects of dress, hydrogen content, cooling rate and
chemicd compogtion.  Teding for wedability involved directly-gpplied stress (as in the
Implant test) or externdly or sdf-restrained specimens, for al of which the gpplied sress and
cooling regime can be quantified.

As the HAZ cracking susceptibility of steds continued to fal, and strength levels rose, leading
to wider use of higher-srength consumables (typicaly E8010 and E9010, in the pipeine
industry), it was found that the cold cracking problem could be displaced from the HAZ to the
weld metd. It thus became clear that an integrated gpproach to the management of hydrogen in
welds needed to be adopted (21). The controlling variables for cracking will be the same in the
weld metd as in the HAZ. However, the problem becomes more complex, since it is necessary
to condder the evolution of hydrogen content and of dress in both weld metd and HAZ, as
wel as the effects of dilution and the differing incluson populaions in the two regions The
effects of ambient conditions on cooling in the low temperature range, in which cracking
susceptibility changes and cracking occurs, have dso needed to be considered, particularly for
colder climates such as that of Canada.

While these approaches, which can be referred to as “digtributed hydrogen” modes, have not
been fully devdoped or codified, subgtantid increases in undersanding have been achieved
that have ddivered practicd benefits (Ref 22). A complete analysis requires modding of the
coupled processes of weld metd solidification, transformation (both HAZ and weld metd),
hydrogen diffuson and the development of dress, as well as accurate estimates of the critica
conditions for cracking in both regions. Even today, the redisic achievement of such modding
is a the limit of computational capabilities. Practical success in the short term is thus dill likey
to be based on the empirica determination of the probable site and source of cracking and the
aoplication of test methods that redidtically reproduce the specific fiddd conditions. Examples
of such approaches, drawn from the pipeine indudry, will be briefly discussed in the following
sections.



Root Pass Cracking Dueto Lifting or Restraint

Initial gpproaches to the control of cold cracking were developed primarily for sructura and
ship-building applications, ad it is naturd that they would have concentrated on thermd
contraction agang redtraint as the dominant source of dress. In fact, extremdy comprehensve
engineering gpproaches to the cdculation of resraint sress were developed, notably by
Japanese researchers in the Seventies (23), and applied in cracking models.

In the late seventies, however, pipeine research in Canada (24) returned to a more detaled
andyss of the ideas put forward earlier (25) concerning the relative sgnificance of directly
goplied lifting dresses, reaulting from the manipulation of the pipe dring.  The principd
concern, a that time, was for the cracking behavior of large diameter, reaivey heavy-wadl
pipe, for which each root pass can undergo two significant stress g/cles before the second (hot)
pass is completed. Higdon and Weickert (24) carried out detailed analyss of the gross bending
dresses aidng from lifting, as wdl as those aisng from thermd contraction and from
resrained recovery of ovdity after release of the line-up clamp. They dso evauated the effect
of root pass geometry on the concentration of these dresses. For the “Hiff” pipeine
configurations of primary interest in North America a tha time, they found that the overdl
dress level was dominated by lifting, and that the highest levels of dress (typicaly wel beyond
nomina yield) occurred in the 6 o'clock postion, on the outsde surface of the root bead. Full-
sde testing and fidld experience supported this concluson (26), which has obvious
implications for the time-scde and magnitude of the stress cycles that need to be consdered in
eva uating weldability (18).

Later research, caried out in Audrdia (27,28), concluded that, for moderate lift heights and the
gndler diameters and thinner walls typica of the Audrdian indudry, lifting stresses would be
much less ggnificant than thermd contraction dresses, and that only extreme lifting would
produce a second cycle of dress This concluson has different implications for the timing and
magnitude of the dress cydes and dso for testing geometry, since the longitudina bending
associated with circumferentid  shrinkage concentrates tensile dresses at the ingde, rather than
at the outside surface.

The dtuation conddered so far involves the potentiad for cracking within minutes of the root
pass depodition, and it can be controlled by attention to the root-bead completion, the interva
between root and hot pass, and preheat where required. In certain circumstances, however, true
delayed cracking can occur, paticularly in conditions of wind and low ambient temperature.
Glover and Graville have presented results of research on this topic, and have evauated the
effects of procedurd and atmospheric variables on the risk of cracking (22). In such cases, the
locd dress to be consdered is the find resdua sress in the completed weld, while the loca
hydrogen content must be tracked throughout the deposition of the successve weld passes and
subsequent cooling. The appropriate testing protocol for such a stuaion will be quite different
from that for “short-term” cracking.

Heat-affected Zone or Weld Metal Cracking

It has dready been mentioned that, as the weldability of structurd and pipeline steds improved
and the grength level rose, the dte of cracking could be disolaced from the HAZ to the weld
metal (WM). The issues involved are rather more complex than have been suggested, however.
Matsuda et d (29) proposed and vdidated a framework for determining the ste of cracking for
high strength structurd stedls, based on the effect of hydrogen on the loca stress for cracking
a a function of time after weld depodtion. Weld metd hydrogen content decreases



monotonicaly with time after weding, while that in the HAZ rises from the low vaue typicd
of the base materid to a pesk, before declining. The time-scale of this process is minutes, the
same order as that for stress application and the time between root and hot pass. By considering
the magnitude and timing of the applied dress together with the reative level of the critica
cracking dress in the HAZ and WM, as influenced by ingtantaneous locd hydrogen content, the
gte of cracking can be predicted. Since higher srength (harder) weld metd will be more
susceptible to cracking, it will certainly promote WM cracking. However, other factors
promoting WM cracking are seen to be high levds and ealy application, of dress. Low
grength weld metals and low levels of dress, or late gpplication of sress, will promote HAZ
cracking.

From the point of view of pipeline fidd welding, this framework can be gpplied to understand
some of the changes that have taken place in the phenomenology of cracking, and dso to
examine some of the approaches to the control of cracking that have been developed, over the
years. The application of dress to the root pass of a girth weld is aways rapid, whether it is
dominated by lifting or by resrant stresses, whose maximum levels develop as the hesdt is lost
from the weld region after closure of the individua segments. The maximum level of dress is

of course, vaiadle If it aises manly from redrant, as in thinrwaled, smal diameter pipe, it
will be relativdy low. If the pipe is iff enough, on the other hand, very high stresses may be
seen a the previous root-bead (rather than the root bead just completed) as a result of lifting.

The difference in timing between the firg and second lifting cycle does not gopear to be a
determinant of the cracking dSte, for the materials and welding consumables that are involved.
In this sense, the timing of the dress, for crack initiation prior to hot-pass deposition, is aways
“early”.

As regards the relative susceptibilities of the HAZ and WM, the historicd trends can be easly
understood. In the fifties and gixties, reativey high-carbon (though low drength) line pipe was
typicdly weded with low-strength E6010 dectrodes, and this combination resulted amost
exclusvdy in HAZ cracking. In the seventies as typicd pipe grades for mgor pipdines
increased to X70, most operators specified E8010 or even E9010 eectrodes, in the interests of
matching (or near-matching) drength. The higher drength of these dectrodes was achieved
through higher dloy dement content, increesng ther susceptibility. Since typicad X70
compositions were of much lower carbon content and generdly lower carbon equivdent than
the older deds, ther crack susceptibility was much lower, and accordingly the typica crack
location moved into the weld metd. For lifting-dominated conditions, in fact, cracks were
found to initiate precisgly in the region of maximum stress concentration, on the outsde surface
adjacent to the fusion boundary (26).

Overall Implicationsfor Weldability Testing

Over the lat two decades, various approaches have been proposed for predicting procedura
requirements for the avoidance of cracking, based on laboratory testing. Three of these
gpproaches will be reviewed, to illustrate the differences in methodology, and, as importantly,
in thought processes, which is required to address the range of behaviors that can be expected.

In the early eighties, Lorenz and Diren (Ref 30) proposed a method for the prediction of the
necessay preheat for pipdine welding. They based their goproach on a smple rdationship
between calculated HAZ hardness and critical prehest, for specific levels of average hydrogen
content. The HAZ hardness was predicted on the basis of the cooling time from 800 to 500°C
and of a carbon equivdent whose coefficients themselves varied with cooling time, to account



for the different reaionships between hardness and chemicd compostion for martengtic,
bainitic and mixed microstructures.

On this basis, they proposed criteria for fiedld welding tied to the observed minimum preheat for
the avoidance of cracking in the Implant test, a an gpplied sress equa to the nomind yield
drength of the base metal, and with a heat input in the range 0.8-0.9 k¥mm. Figure 7 shows an
example of ther results, in this case for cdlulosc dectrodes. The reaionship shown is tha
between criticd preheat temperature and the carbon equivaent for a cooling time of 4 s an
appropriate vaue for the welding conditions considered.
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Figure 7. Reationship between critical preheat in the Implant tet and carbon
equivaent for tgoo-500 = 4 s [after Lorenz and Diren (30)].

The corrdation is clearly good over a dgnificant range of chemicad compostion, and the
critica  preheat temperature range indicated is a reasonable one, for typica high strength
pipdine geds in thicknesses up to 20 mm. Such materids would have vaues of the carbon
equivaent shown up to about 0.25. However, the conceptud difficulty that must be faced is
that in many indances, for such maerids, cracking would in practice occur in the weld metd.
Since the geometry of the Implant test, by placing a sharp notch in the HAZ, is designed to

evduae HAZ cracking susceptibility, its results provide little guidance reative to WM
cracking.

A brief congderation of two other gpproaches to crack prevention illustrates the difficulty more
clearly. Yurioka et a (20) proposed a form of carbon equivaent, usudly called CEN, that
assigned a variable weight to dloying dements as a function of carbon content; the am was to
accommodate the different hardening behaviour of both high and low carbon dseds, and it is
now quite widely used in the pipeline industry. They developed a cracking index that was a
linear function of terms expressing the effect of carbon equivdent, locd dress leve and initid
weld meta hydrogen content, and used it to predict criticd cooling time to 100°C. Using the
Stout (Lehigh) dot tedt, they aso demondrated a linear reationship between critical prehest
temperature and CEN for pipdine and other HSLA seds welded with E7010 dectrodes



(Figure 8). Again, however, the geometry of the test and the rdatively low-strength eectrode
promoted HAZ cracking.
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Figure 8. Critical preheat temperature in the Stout dot test as a function of carbon
equivalent CEN [after Yurioka et d (20)].

At about the same time, the Welding Indtitute of Canada (WIC) test was developed as a smple
and economica form of redtraint cracking test that could accurately reproduce the root pass
geometry in pipdine welding. Because of its short redraint length, it develops a high levd of
reaction sress in a short period of time. It has been widdy used in the pipdine industry, and,
for large-diameter, high-strength pipe, the results rdate wel to full-scde testing and fidd
behavior (18). In particular, it reproduces accurately the crack initiation Ste associated with
lifing-dominated, WM cracking, and as a result is paticulaly gpplicable to large, “diff”
pipeines welded with high-gtrength dectrodes.

The results of WIC tests on a series of stedls of congant thickness (12 mm) covering the full
compositiona range typicaly used in the pipeline indugtry, carried out a NOVA in the 1980's,
can be compared with the trend-line of Yurioka et d. (Figure 9).

On the assumption that the factors influencing cracking are independent of each other (as
implicit in the linear cracking index proposed by Yurioka et d.), the dopes of the variation of
critical preheat temperature with CEN can be compared directly. The qudity of the corrdation
is equivaent for both sets of data, but the dope of the WIC test results is much lower than that
of the Yurioka results. A primary reason for this, of course, is tha in the WIC test, weld meta
cracking occurred.  The influence of the dements consdered in the base metd CEN can thus
only be expressed through dilution into the weld metd (typicaly around 50% for a pipeline
root pass preparation and heat input, though recoveries of specific dements vary). A plot of
critical cracking stress in the WIC test againgt (cadculated) weld metd CEN can be congtructed
(Figure 10) and again, a good relationship is obtained; the dope is steeper, but Hill only half
that of the Y urioka results for the HAZ.
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This is, perhaps, eadly undersandable, snce the rdationship between hardenability and
chemica compogtion will be different for WM and HAZ, as a result of the very different
incluson populations and augtenite grain sze and shepe. In fact, while HAZ hardness in these
WIC tests was well predicted by Lorenz and Duren’s relationship, for the gppropriate cooling
rate, WM hardness was much lower than predicted. WM cracking aso occurred at hardness
levels for which it would not be anticipated in the HAZ (dgnificantly less than 300 HVy 5 in
some ingances). The radicd differences in the reationships between cracking susceptibility
and chemicd composgtion, for HAZ and WM, means that it is difficult to aoply a sngle
predictive gpproach to both. In genera terms, it is necessary to determine, experimentaly or



andyticdly, whether the dominant issue will be WM or HAZ cracking, and to sdect an
goproach and test method to match. For many existing cases, of course, this is dready known
on the bass of long experience, but as pipe materids and consumables continue to advance,
empiricd methods will be needed. Clearly, the devedopment of gppropriate specifications and
vidble fidd procedures for new combinations of materids depends on a full undersanding of
the issues and the availability of methods to address them.

HAZ Performance: Toughness

The coarse-grained HAZ

The overdl toughness of the HAZ is dependent on the relative strengths and microstructures of
the different regions in the weld zone and by their gpatid reationship to one another. In a
mult-pass weld the complex influences of HAZ microsructure described earlier ae
immediately apparent. The coarse grained HAZ is often dominant in controlling toughness.

Many sudies of HAZ toughness have been conducted during the last 40 years (3-15) and it
would be impossible to review them within this paper. Studies have included multi-pass welds,
sngle beads and weld thema sSmulaions and have used test configurations ranging from
tensle and Charpy specimens to CTOD and wide plate configurations. Several of these studies
have addressed the rdationship between microstructure and toughness, paticularly for the
coarse-grained HAZ, focusing on the austenite grain Size and the intra-granular microgtructure.

The dgnificant influence of audenite gran sSze on toughness has been demonsrated on many
occadons. Fgure 11 illugrates the beneficia effects of reducing gran sze for thermo-
mechanicaly processed seds with a variety of base microdructures. In mogt ingtances the
influence of grain dze is probably indirect; the sze of the ‘covariant packet’ or sub-gran tha
actualy controls fracture initiation is related to the augtenite grain Sze.
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Figure 11: Effects of grain sze and microstructure on toughness [from Shiga (8)].



The influence of intragranular microstructure on toughness is more difficult to discern, but can
be illusraled by reference to the rdationships defined ealier between cooling rate,
transformation temperature, carbon content and microstructure (9,12). The influence of carbon
content and trandformation temperature on microdructure is illustrated in Figure 12a and the
corresponding influence on toughness in Figure 12b. The par of diagrams should be consdered
as schematic rather than quantitative, dthough they have been extensvely based on test results.
Figure 12a deinestes the zones within which different HAZ microstructurd types occur.
Figure 12b shows sections through Figure 12a a three carbon contents to illustrate more clearly
the relationship between transformation temperature and toughness:
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Figure 12: Influence of carbon content and microstructure on HAZ microstructure
and toughness of structurd steds [from Batte and Kirkwood (9)].

- At high carbon levels (0.21%) good toughness can rarely be achieved, since even
lower banite has poor toughness and martendte formed at low temperatures is
twinned and inherently brittle in the untempered dtate; the Ms temperature is dready
S0 low that only limited auto-tempering can occur;



- At low carbon levels (0.07%) the poor microstructure occurring above 530°C is
gradudly replaced by lower banite and auto-tempered martendte in the range 460-
400°C. This results in the achievement of good toughness over a wide range of
transformation temperatures, and hence over awide range of weld heat inputs;

- For intermediate carbon levels (0.14%) a smilar pattern gpplies with the exception
that the range where good toughness can be achieved is narrowed.

The relationships described in Figure 12 were derived for basc GMn-Nb seds that were free
from ggnificant dloy additions. Nevertheless the badc principles have been shown to apply to
a wide range of modern dseds with microdloying additions, and are dso evident in a wide
range of HSLA pipdine (Figure 13), structurd and shipbuilding stedls. For these steds there is
a generd ‘qhift’ of the toughness vadues depending on the extent to which the microdloying
additions contribute to solid solution drengthening, gran Sze refinement or carbonitride
precipitation.

M 100% martensite (M)
@ Upper bainite (UB) (with MA constituent)
<>martensite + lower bainite

100
CE||W=0.42 . —
0.11% O o
50 - - “}
CE,w=0.37 g
G 0 — ) 3 3 /' CE|‘W=0-55
~ . e (1% Ni)
E -50 - CEypy=0.72
L (3.3% Ni)
_ | [
100 CE||W=0.73
(5% Ni)
-150 - Range for
pipeline Range for
girth welding two-pass SAW |
-200 e
1 10 100 1000 10000

Cooling time from 800 to 500 C (s)

Figure 13. Corrdation between FATT and cooling time for coarse-grained HAZ
microgtructures of pipeline steds [from Gréf and Niederhoff (3)].

The Intercritically Reheated Zone

As refinement of the chemicad compostion and the thermomechanical processes have led to
increased toughness of the coarse grained HAZ, s0 the issue of the intercriticaly rehested
coarse-grained region has attracted increased attention. As was indicated earlier the
intercritically rehested region is known to be of possble poor toughness, particularly if idands
of martengte-austenite occur.

Detalled dudies of the occurrence and dructurd ggnificance of martendte-austenite idands
have demondrated that in some gsteds the intercriticaly reheated region can have a toughness at
least as low as the coarse-grained region (Figure 14), and that the reduction in toughness is
dependent on the volume fraction of martendgte idands present (Figure 15). While the adverse
effect of martendte idands can be amdioraed to some extent in multi-pass welds by the
influence of the subsequent weld passes, the only effective remedy is to sdect a chemicd



compaogition, in particular a baance of cabon contents and microaloying additions, that
minimizes the extent to which martendte idands can develop (Ref 8).
resulted in empiricd formulae linking the volume fraction of martendte idands to dloy
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The Influence of Local Brittle Zones

The issue of locd areas containing martenste-austenite idands rases a more generad concern
regarding the toughness and dructurd integrity of multi-pass welds in which there are loca
zones of brittle materia within the heat affected zones The observations of low individud
toughness test results are not new; however, they have become much more evident in CTOD
tests, which can specificdly sample the coarse-grained HAZ (Figure 16), than in Charpy tests
have been found in tests where the pre-crack tip samples less than 1.0 mm depth of loca brittle
zone (LBZ) (Figure 17). Indeed, the issue of occasond low CTOD vaues has led to a
dandardized procedure for testing in the presence of locd brittle zones, incorporated in APl
Standard RP 2Z (32).

The problem for the sted user is how to handle the occasond low CTOD vaues, some of
which have been less than 0.05 mm (0.002 in). In an atempt to resolve this issue, atention has
turned to the wide plate test. Several studies have demondrated that low CTOD vaues do not
correspond to low wide-plate test results. In one instance, for example, when CTOD and wide
plate tests were tested in pardld (33), low CTOD values occurred when the pre-crack sampled
coarse-grained materia with grain sze above 80 pum (0.003 in), whilst low dran (<0.5%)
fractures occurred in the wide plate tests when the pre-crack sampled the coarse-grained
microgtructure in lengths of 30 mm (1.2 in) or more; however the falure loads in the wide plate
tests were gill equivaent to more than 95% of the yield Strength of the parent plate.
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Clearly the Sze of the wide plate teg, its ability to incorporate redigtic levels of resdud dtress
and redidic crack configurations, together with loca srain redigtribution during loading, make
it a very dtractive test that is generdly regarded as being Sructurdly more rdevant than the
CTOD test. However, there are difficulties in accuratdly locating the crack and for some weld
configurations, notably in offshore sructures where there are locdized bending loads, care



must be taken in interpreting the results. Nevertheess, for many gpplications the wide plate
test adds confidence that occasiona low CTOD test results can be accommodated.

For pipelines, low Charpy and CTOD test results have occasondly been obtained from the
seam weld HAZ. In this dtuation the low toughness zone, usudly the unrefined coarse-grained
HAZ, can extend through a large proportion of the pipe thickness. To examine the sructurd
dggnificance of such reaults, atention has turned to pressurized burst tests of the full pipe
section (34,35), supported in some instances by the use of condraint based fracture mechanics
to provide an andytica understanding. These dsudies have demondrated both experimentaly
and andyticdly that locd low toughness within the locdized zone adjacent to the (often
overmatching) weld metd does not lead to premature fracture from smulated welding defects.
The low condrant dlows locd dran and dress redistribution  without unstable  crack
extensgon. Agan, these results must be applied with caution because there are occasond
gtuations where locad dressng combined with particular defect configurations could Hill be a
risk, but they neverthdess add confidence that occasiond low seam weld toughness values can
be accommodated.

The results of these dudies are dso supported by the generd experience of weld zone
performance in the dructura and pipdine indudtries. Despite the circumdstantial evidence that
zones of low toughness within service welds are widespread, they have hardly ever been
associated with failures unless significant defects are present.

New Developments

Higher Strength Sted Pipdines

The ongoing quest for improved combinations of drength, toughness and weldability continues
to provide new challenges. During recent years one of these has been the emergence of new
higher drength grades (X80 and X100) for pipdine deds (36-41). As with earlier
developments, it has been necessary to edtablish that higher drength is achieved without
sacrificing weldability or weld joint toughness.

Sevard of the leading pipe suppliers have developed X80 grade linepipe and have now
ddivered dgnificant quantiies on a ‘regular production’ bass A gmdler number have
developed prototype and pre-production X100 grade pipes for evauation and performance
testing. It is evident from these developments that both X80 and X100 grade materiads can be
produced by further refinement of the thermomechanicad processng and accderated cooling
manufacturing route, with low carbon contents and redricted addition of microdloying
edements. The chemica compostions of pre-production materids show a dight increase in
niobium contents compared to previous practice, but generaly not above 0.05%. As a result,
the toughness properties obtained for seam wdd HAZs are not dgnificantly different from
those of the lower srength grades. The Stuation is dightly different for girth welds in that there
has been a trend towards use of mechanized gas metd arc welding with lower heeat input for
mainline wdds, while tie-in and other manua welds have used low hydrogen eectrodes for fill
and cgp passes. Low heat input is beneficid for HAZ toughness, while intringcdly low
hydrogen minimizes the risk of WM and HAZ cracking. The overdl effect of these changes is
that satidfactory girth weld performance can be achieved without additional pdliaive methods.
Nevertheless, given al the previous experience regarding the pitfdls of comparativey smal
changes in compostiond baance, it will be necessary to confirm experimentaly, under the
most appropriate testing conditions, that these higher dtrength pipeline steds do not pose any
threat from the weldability and toughness viewpoint.



Improved Weld Productivity

A second area of deveopment that has a Sgnificant potentid effect on weldability and joint
integrity is the chdlenge to improve wedd productivity, whether in shipbuilding, offshore
dructure fabrication or pipe-laying. High heat input welding processes will require more
rigorous control of the parent metal compostion and HAZ microdructure to minimize the risk
of hydrogen cracking and low toughness. Processes with reduced filler metd, such as narrow
gap mechanized welds and autogenous or semi-autogenous laser welding, will not only require
close control of al aspects of plate compostion and the welding process, they will adso require
full underganding of the inter-related micro-mechanicad behaviour of dl the weld zones in
order to st safe limits for defect Szes and toughness levels. For example, as plate and pipe
wall thicknesses for high strength onshore pipeines are reduced, the dructurd sgnificance of
the individuad weld zones, paticulaly those with low toughness or deformation tolerance, will
become proportionaly greater. Sophigticated anayticd methods such as condraint based
fracture mechanics may offer an andyticd way of addressing these gStuations, but they are
limted by the extent to which the deformation and fracture behaviour of each microstructura
zone in the weld is understood. Large-scde testing, whether by wide-plaie test or full-scde
pipe burst test, will need to be increesngly precise about the location of the smulated defect
within theweld zone.

Final Comments

The last four decades have seen condderable changes in the manufacturing and fabrication
methods gpplied to HSLA deds for dructurd applications in the pipeline, offshore and
shipbuilding indudtries.

The principle changes that have effected sted wedability and toughness during this time have
been:

- the improved control of sseelmaking and casting processes,

- the enhanced capacity of plate rolling equipment;

- the integration of thermd and mechanicd trestment (incdluding on-line accelerated

cooling);
- improved weld process control and low hydrogen consumables.

Thes= in turn have enabled beneficia improvements through:

- ggnificant reductions in carbon content;
- more efficient use of grain Sze contral;
- more efficient use of micro-dloying;

These have led to substantid microstructurd refinement and hardness control in dl regions of
the HAZ. However, these improvements have only been possble through the close cooperation
between physcd metdlurgists and weding process engineers, endbling a full undergtanding of
the relationships between cooling rate, sed compostion and trandformation behavior within dl
pats of the various wed configurations used throughout the pipdine, sructurd and
shipbuilding indudtries.  Underganding of these reationships has been essentid in ddivering
improved resstance to hydrogen cracking and improved toughnessin the HAZ.

It is interesting to see how the apparently disparate results from research studies in al three
industry sectors fit into the overdl picture that has emerged, and how this in turn has enabled
trandfer of manufacturing technology between them. Thermomechanicd processng for
example has soread progressvey, from the thinnest pipdine plates to the thicker offshore and



shipbuilding plates. Smilarly, the use of titanium to control HAZ gran dze has soread to Al
sectors, giving benefits for the highest heeat input eectrodag welds as well as for the lowest
heat input manua welds.

In many indances the underganding has been quantified in a series of empiricdly derived
relaionships between compostion, welding process parameters and the resulting properties.
These rdaionships have generdly been very successful in enabling the safe and crack free
congruction of HSLA ded products However the changes in manufacturing approach and
plate compogtion have not adways been draghtforward in their effect on wedability and
toughness.

The ealy underganding of wedability and toughness in the sixties and seventies was
developed for C-MnNb seds with carbondominaied drengthening  mechanisms
Consequently the origind  formulations for carbon equivdent have become increasingly
uncertain, and sometimes mideading. Fortunately, reassessment of the undelying physcd
metalurgy accompanying the change in chemica baance has endbled a new undergtanding to
be developed. llludraive of this has been the issue of martenste-augtenite idands, found
origindly in wdd metd microdructures but gppearing subsequently in the intercriticaly
reheated zones of low-carbon microdloyed structured sedls.

A wide range of test gpproaches has been developed over the years for HAZ hydrogen
cracking. As experience has developed it is clear that some of the test techniques and the
cabon equivdent formulations have been redricted in ther applicability. In particular, the
source and timing of the applied dress, the way in which bending stresses and condraint are
accommodated, and the location of cracking within the WM or HAZ, dl lead to concerns about
the extent to which laboratory tests mode the field welding conditions. Neverthdess, careful
atention to the physcd metdlurgy and the micro-mechanics of the processes involved has
provided a good overdl understanding of the factors determining the occurrence and avoidance
of cracking under field welding conditions.

The dructurd dgnificance of locd brittle zones in multi-pass welds, whether due to the
unrefined or intercriticaly reheasted coarse-grained HAZ, is ill an ongoing concern to some
sectors of the HSLA community. It is clear that locd zones of low toughness can exid, and
tests that sample these zones will generate low results. It is dso dear that in many full-scae
dtuations the micro and macro-mechanicd behaviour of adjacent weld zones reduces their
effect on the overdl integrity of the dtructure. The gpplication of techniques such as condraint
based fracture mechanics has provided some of the answers, it may be tha any remaning
condition consdered to be a-risk will prove to be highly improbable when practicd wed joint
configurations and defect locations are taken into account. Certainly the results for CTOD and
wide plate tests indicate that sgnificant proportions d the loca brittle zone must be sampled by
the crack before a structuraly significant fracture problem occurs.

Conclusions

The introduction and widesoread use of thermomechanical processng to achieve higher
drength with leaner dloy compostions has had a dgnificant impact on the wedability and
toughness of nicbium-bearing HSLA steds during the last 40 years.

Sgnificant reductions in carbon content and more efficient use of micro-aloying dements have
delivered mgor improvements in both weldability and HAZ toughness. However, the change
in baance from carbondominated to microdloy-dominaed drengthening mechanisms has



necesstated a re-evauaion of the fundamenta processes in order to gain a full underganding
of the performance of modern steels.

The factors determining the size and the transformed microstructure of the coarse-grained HAZ
ae citicd. Individud microdloying dements can act in severd contrasing ways to control
gran dze, promote or delay transformation during cooling, depending on ther interaction with
other dements, such differences have a mgor effect on microstructure, hardness and toughness.
Higher microdloying dement contents can result in brittle martendte-audenite idands in the
coarse-grained HAZ or theintercriticaly reheated zones in multipass welds.

Underganding of the effects of compostion and weld process parameters on resistance to
hydrogen cracking has been embodied in well-established empiricd formulae. While resstance
to HAZ hydrogen cracking has generdly improved in line with reduced gran sze and HAZ
hardness, laboratory tests have not adways accuratdly modeed fidd-welding behavior,
paticularly for modern HSLA deds. The Stuation has been complicated by the potentid for
change in the Ste of cracking from HAZ to weld metdl. Nevertheess, for most Stuations the
factors determining cracking resstance and the steps needed to avoid the problem through
control of the welding process are well established.

The relationships between microstructure and coarse-grained HAZ toughness are dso now well
understood, but the multiplicity of interacting effects cannot be captured in Smple quantitative
relaionships based on sted compostion. The overlgp of thermd zones in multi-pass welds can
often result in locd zones of brittle materid in the HAZ. While tests tha sample loca aress
can occasondly lead to low results, larger scde test and analyses indicate that in many
gtuations such zones are not sructurdly sgnificant.

As a result of the specific thermodynamic and kinetic atributes of its carbonitride precipitation
in ged, niobium can judifiably be consdered a unique endbler of modern HSLA deds with
improved combindaions of strength, toughness and weldability. Niobium interacts in a variety
of ways with other microdloying and resdud dements to influence the gran size and
intragranular  microdructure of the different regions of the multipass weld HAZ.  Caefully
controlled use of nicbium is fundamental to optimization of HAZ properties when HSLA deds
are used for pipelines and structural applications.
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