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FOREWORD

The work presented in this report is the result of a 3-year
pontract funded through the Minerals Research Program of the Canada
Centre for Mineral and Energy Technology (CANMET). The topic was in-
spired by the then Physical Metallurgy Sub-Committee of the National
Advisory Committee on Mining and Metallurgical Research, a committee
structure drawn from industry and the universities, which evaluates
and comments on CANMET's R and D policies and programs.

Noranda Research Centre  jointly with Dominion Bridge Co.
Ltd. responded to the original call for proposals. In the first
phase of the work, the expertise of the Canadian Welding Development
Institute was co-opted, and its resources were drawn on again in lat-
er stages of the contract. At'this time, work on electron microscopy
was subcontracted to the University of Toronto.

In the realm of physical metallurgy at CANMET, this has been
a ploneering experience whose success is largely attributable to the
spirit of cooperation which pervaded the work from the start. May we
hope it proves an augury for the future.

The format of this CANMET report reflects two facts. First,
that the final report from the principals was delivered in five sepa-
rate sections at different times during 1978. Second, in collating
these separate reports into a single CANMET report, effort has been
made to minimize delays in editorial treatment and printing so that
the report can be distributed while 1its results remain topical.
Thus, the format of five sections has been preserved and presented as
four self-contained "chapters" - each, for example, with its own in-
troduction, tables and figures - plus an appendix. Essentially, edi-
torial treatment has been limited to rewriting the introduction to
Part I, and to rendering the sections consistent in pagination, enu-

meration and, in places, style.

D.W.G. White

K. Winterton
Scientific Authorities for

Contract 0SQ77-00055

Ottawa, February 1979
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AVANT-PROPOS

Le travail présenté dans ce rapport est le fruit d'un con-

trat de trois ans accordé par le Programme de recherche sur les miné-

raux du Centre canadien de 1a technologie des minéraux et de 1'éner-'

gie (CANMET). Le sujet a été suggéré par l'ancien Sous-comité sur la
métallurglie physique du Comité consultatif national sur la recherche
métallurgique et minitre dont les membres proviennent de 1'industrie
et des universités et ont comme tfHche d'évaluer et de critiquer les
politiques et les programmes de R et D du CANMET.

Le Centre de recherche Noranda en coopération avec le Domi-
nion Bridge Co. Ltd. ont répondu'é ltappel d'offre. A la premiére
étape des travaux, les spécialistes de 1'Institut canadien de déve-
loppement de la soudure ont été cooptés ainéi que dans des étapes
subséquentes du contrat. A ce moment, les tfavaux au microscopique
électronique avaient été sous-traités par 1'Université de Toronto.

Dans le domaine de la métallurgie physique & CANMET, le suc~
cdés de cette premidre expérience est principalement dfi 3 1'esprit
d'équipe qui a régné depuis le début du projet. Espérons qu'il
s'agit 13 d'un augure pour les travaux futurs.

Le format de ce rapport CANMET refldte deux points impor-
tants. Premidrement, le rapport définitif a été expédié en cing sec~
tions séparées & différents temps durant 1978. Deuxidmement, en col-
lationnant tous les rapports séparés en un seul rapport CANMET, 1'au-
teur a tenté d'accélérer les prossessus de rédaction et de tirage
pour que ce rapport soit acheminé au moment ol les données sont per-
tinentes. Les cing seétions sont donec présentées en quatre chapitreé
indépendants, chacun comprenant une introduction, des tableaux et des
figures, et un annexe. Les fonctions de correction ont essentielle~
ment été limitées & rééerire la partie I et 3 assurer l'uniformité du
numérotage des pages, les énumérations et, & certains endroits, du
style.

D.W.G. White

K. Winterton
Autorités scientifiques pour

Contrat 0SQ77-00055

Ottawa, février 1979
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HEAT-AFFECTED-ZONE TOUGHNESS OF WELDED JOINTS IN
MICRO-ALLOY STEELS

by

A.B. Rothwell, J.T. McGrath, A.G. Glover,
B.A. Graville and G.C. Weatherly#*

ABSTRACT

The principal objective of this work was to evaluate the
effect of chemical composition and cooling rate on the notch tough-
ness of the heat-affected-zone of welded micro-alloy (HSLA) steel
plate. Limited work was carried out on the effect of stress re-
lieving heat treatment on notch toughness. Specimens were prepared
by making submerged arc welds over a range of heat inputs on HSLA
steel plates containing various amounts of niobium, vanadium and
molybdenum.

The notch toughness of the heat-affected-zone was measured
on precracked specimens as a function of temperature by the instru-
mented Charpy impact test. Tests recorded the initiation of fracture
in terms of load and time over a temperature range that covered the
transition from ductile to brittle fracture.

Because toughness is related to microstructure, the heat-
affected-zone microstructures of specimens were identified. To help
in evaluating the microstructures, continuous cooling transformation
diagrams were established for all steel compositions.

The results indicate that for submerged arc welding, cooling
times between 800 and 500°C of U0 seconds or less do not give rise
to toughness-related problems in the heat-affected-zone of single
pass welds in typical micro-alloy steels. 1In this range of cooling
rates, toughness increases with increasing rate. The associated
microstructural characteristics are fine prior austenite grain size
leading to small bainite colony size and an absence of coarse lath
boundary carbides or martensite/austenite particles. In practice, a
cooling time of U0 seconds corresponds approximately to a heat input
of 2.4 kJ/mm in a 12-mm plate or more than 8 kJ/mm in a 50-mm plate.

Higher heat inputs result in cooling times of more than 40
seconds. The heat-affected-zone toughness suffers, and at the same
time precipitated micro alloy carbides and nitrides are detectable in
the microstructure. Loss of toughness in niobium-containing steels

stress relieved after welding appears to be particularly serious,.

#For author affiliations see inside title page
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RESISTANCE DE LA ZONE AFFECTEE THERMIQUEMENT DES
ARTICULATIONS SOUDEES DANS LES ACIERS MICRO-ALLIES

par

A.B. Rothwell, J.T. McGrath, A.G. Glover,
B.sA. Graville and G.C. Weatherly* ‘

RESUME

Le but principal de cette étude était dfévaluer 1'effet de
la composition chimique et de la vitesse de refroidissement sur la
résistance & 1'entaille de 1la =zone thermiquement affectée d'une
plaque soudée d'acier micro-allié. Des travaux de base ont été
effectués sur les effets du traitement thernique de relaxation des
contr'aintes sur la.résistance 2. l'entaille. Les éprouvettes sont
préparées en effectuant des soudur-es 4 1'are submergées & toute une
gamme de température sur les’ plaques d'acier faiblement allié & haute
résistance ayant .des teneurs var'lees de niobium, de vanadium et de
molybdéne.

La résistance & 1l'entaille, en fonction de la température,
d'une zone thermiquement affectée a été déterminde sur des éprou-
vettes fendues d'avance par les essails sur l'impact de Charpy. Les
essais ont permis d'enregistrer l'amorgage de la rupture en rapport
avec la charge et le temps sur une gamme de température couvrant la
transition de 1'étape de’ r'upture ductile & 1l'étape de rupture cas-
sante. . .

Comme 1la résistance 'correspond & la - microstructure,’ les
microstructures des .zones thermiguement affectées ont été identi-
fiées. Afin de faciliter 1l'évaluation des microstructures, des dia-
grammes de transformation du refroidissement continu ont été déter-
minés pour toutes les compositions de 1'acier.

‘Les résultats indiquent que, pour la soudure & 1l'arc sub-
mergée, les temps de refroidissement de 40 secondes ou moins entre
800 et 500°C ne créent pas de problémes de résistance dans la zone

thermiquement affectée du -soudage en une passe dans les aciers’

micro-alliés typiques. Dans cette gamme de vitesse de refroidis-
sement, la résistance augmente en rapport direct avec la vitesse de
refroidissement. La microstructure correspondante ést caracterisée
de grains de fine dimension précédant ltausténite suivis de colonies
de bainite de petite dimension et une absence de carbures de limite
grossiers ou de particules martensite/auténite. En pratique, un
temps de refroidissement de Y40 secondes correspond approximativement
3 une admission de chaleur de 2.4 kJ/mm dans une plaque de 12 mm et
de plus de 8 kJ/mm dans une plaque de 50 mm.

On peut obtenir une plus grande admission de chaleur lorsque
les temps de refroidissement sont de plus de 40 secondes. La résis-
tance de la zone thermiquement affectée en souffre et au méme moment,
les carbures et les nitrides micro-alliés préecipités sont decelables
dans la microstructures. La perte de résistance des aciers & teneur
de niobium ayant subis une relaxation des contraintes aprés - le sou-
dage semble etre particulibrement sérieuse.

*Consulter la page couverture ppur' les affiliations des auteurs
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PART I: RESULTS OF INSTRUMENTED IMPACT TESTS

A.B. Rothwell¥*

Introduction

The principal objective of this three-
year program has been to determine the notch
toughness of the heat-affected-zone (HAZ) of
weldments in micro-alloy steels, and to relate

these data to microstructure, Notch toughness

was determined by instrumented Charpy tests car- -

ried out on pre-cracked specimens over a range of
temperatures so as to identify the ductile-brit-
tle transition temperature. The data are given
in the appendix, Part V, and are discussed in
Part 1. Microstructures have been examined by
optical and electron microscope with results that
are given in Part III.

This experimental program was carried
out on a five by eight matrix of specimens - five
heat inputs to simulate cooling rates character-
istic of welding applied to steel plate of eight
different compositions.

To illumine analysis of the results,
continuous cooling transformation diagrams for
all eight steels were determined by high speed
dilatometry. This work is presented in Part II.

This is the core body of data, but it
has been reinforced by selected work on the ef-
fect of stress relief heat treatments and by some
COD tests. The effect of heat treatment on HAZ
notch toughness is presented in Part I and the
effect of strain rate as revealed by the COD
test, is discussed in Part III.

The whole is "pulled together" in a com=-
prehensive synthesis given in Part IV.

In this, Part I, experimental procedures
on weld preparation, heat treatment and instru-
mented impact testing are presented, and results

of the impact tests discussed.

*Noranda Research Centre, Pointe Claire, Quebec.

Experimental details

Materials

Composition of the eight experimental
steels that were melted and rolled by CANMET are
shown in Table I-1. As may be seen, these are a
plain carbon-manganese steel (A), three steels
with increasing levels of niobium (B-D), two va-
nadium steels with and without niobium (E,F), and
two molybdenum steels with different niobium lev-
els (G,H); the base composition was essentially
constant throughout. Three 12.7-mm plates and
one 25.4-mm plate were received from each heat.
Tensile tests were carried out on one plate of
each thickness for each steel. According to
thickness and chemical composition, the mechani-
cal properties were typical for such steels,
i.e., 350-500 MPa yield strength for the micro-

alloyed steels.

Welding, heat treatment and testpiece

preparation

Welds were deposited transversely to the

rolling direction using the submerged-arc pro-
cess. Welding parameters, energy inputs and mea~
sured cooling times from 800 to 500°C are shown
in Table I-2. It is apparent that the cooling
288 from 6.5 to 160 s) cov-
er a large portion of the range associated with
For the highest

heat input, butt welds were made between an ex-~

conditions studied (t

practical welding operations.

perimental plate and a mild steel plate using a
backing bar. Lower heat-input welds were depos-
jited in grooves on the experimental plates.
Thermal cycles were measured by plunging plati-
num-platinum Ahodium thermocouples into the fu-
sion zone. It is generally accepted that a sin-
gle measurement of this sort is sufficient to es-

tablish the thermal characteristics of a weld,



Table I-1 -+ Composition of experimental steels, wt %

Code c Mn si A1 s P Nb v Mo
A 0.095  1.27 0.175 0.038 <0.005 0.008 - - -
B 0.095  1.27 0.175 0.038 <0.005 0.008 0.034 - -
c 0.085  1.31 0.25 0.044 <0,005 0.009 0.09 - -
D 0.085  1.31 0.25 0.4 <0.005 0.009  0.14 - -
E 0.08 1.26 0.235 0.017 0.005 0.007 - 0.09 -
F 0.08 1.26 0.235 0.017 0.005 0.007 - 0.042 0.09 -
G . 0.075  1.34 0,23 0.054 <0.005 0.003 0.05 . - 0.31
H 0.075 _ 1.34 0.23 0,054 <0.005 0.008 0.095 - 0.31

Table I-2 - Welding parameters .

Code Current Voltage Speed Energy input Cooling time
(4) (V) (mm/min) (kJ/mm) (800-500°C, s)
150 750 34 - 203 7.5 (12-mm plate) . 160
112 500 30 . 203 4.4 (12-mm plate) . 80
60 600 © 30 456 2.4 (12-mm plate) 39
36 . 160 26 510 1.4 (12~-mm plate) - . 16
30 4560 26 610 1.2 (25-mm plate) 6.5

due allowance being made for the variation in
peak temperature with distance from the fusion
boundry. Samples for metallography and hardness
determinations were cut from each weld.

Additional welds prepared from all eight
steels with a heat input of 2.4 kJ fm, were sub-
jected to stress-relief heat treatment at a nomi-
" nal soaking temperature of 620°C. The furnace
temperature was controlled by a cam to simulate a
thermal cyecle typically experienced in pfactice
by a full-scale weldment. Heating time was ap~
proximately four hours, soaking time one hour and
to »250°C. Samples

from steels A,C,F and G welded with the same heat

cooling time eight hours

input, were also stress-relieved at nominal tem-
of 510°C and 675°C, following the

same procedure. As a result of some irregulari-

peratures

ties in furnace operation, the three soaking tem-
peratures were found in practice to be 600°C,
500°C and 680°C.

Charpy blanks, longer than normal, were
machined from all weldments transversely to the
To facilitate location of the notch,
blanks were chemically polished by swabbing with
followed by etching in 2%

nital to reveal the weld and HAZ structure. A

weld line.
an HF-Hzozsolution,

line 2 mm below the testpiece surface was scribed
using a height gauge. Location of the notch it-
self was scribed by hand, under a binocular mi-
croscope, in such a way that the tip of a 2 mm
notch would lie in the heat-affected-zone, adja-
Notches 0.15 mm -
wide were cut using high-speed grinding wheels in
Noteh depth was

later

cent to the fusion boundary.

a machine built for the purpose.

originally 1.5 mm but was reduced to
1.25 mm to allow more distance for the establish-
ment of a straight, uniform fatigue-crack front.
Several testpieceS»could'be notched simultaneous-
of the

cut to 1length

ly after individual alignment

finally

seribe

marks; testpieces were




after notching.

Notch position was progressively. im-
proved over the course of the program, as evi-
denced by the increasing proportion of testpiece
blanks from each batch judged to be acceptable
for testing, and by the generally reduced degree
of scatter in the final results.

The notches were extended to 2 mm by fa-
tigue cracking. The testpieces produced during
the year ending March 31, 1977 were pre-cracked
using a Dynatup fatigue machine, whereas those
tested in the year ending March 31, 1978 were fa-
tigued on a ManLabs FCM 300 machine. In each
case, the stress intensity range was 17-22 MPa
m% and the pr‘ogr'e'és of the crack was exémined
at a magnification of 200-500x on a surface pol-
ished on 600»gr;it abrasive paper. ‘,Despite the
fact that the Dynatup machine cracks eight test-
pieces simultaneously, the ManLabs machine was
preferred for the present work from thgz points of
view of both speed and pr'ecisi'on o'f‘.cr'ack depth.
This was the result of the simpler specimen in-
sertion and . loading system which allewed test-
pieces to be removed, exémined, and returned to
the machine very rapidly and without the need to
reset the load. As a result, in gener'.a-l, cracke-
front position and linearity were found to be
highly satisfactory in specimens produced during
FY 1977/78. _

Thef‘over‘all sc.herhe of testpiece extrac-
tion and notch detail are shown in Fig. I-"I.

Instrumented impact testing -

The - fatigue-cracked - testpieces were
tested on an instrumented Cﬁar‘py machine by the
Dynatup system over a range of témper‘aturfés COovV=
ering the ductile to brittle tr‘ansition.‘ ‘Load—
time and energy-time traces were photographed di-
rectly from the oscilloscope. The time scale
chosen was generally such as to give the maximum
detail in the early stages of deformation and
fracture, as later events, given the specimen ge-
ocmetry and orientation, are less characteristic.
The choice of system response characteristics in

instrumented impact testing clearly represents a

compromise between achieving an acceptably
"olean" trace and maintaining a sufficiently ra-
pid rise-time to prevent unacceptable signal at-
tenuation. Given the period of natural oscilla-
tion of a steel Charpy bar, estimated at 33 us,
and a system rise-time of 120 pus for 10% at-
tenuation, all loads . corresponding to times in
excess of 135 us should be measurable with
acceptable accuracy according to the criteria of
Ireland (1) which are generally regarded as con-
servative. A value of 135 us is similar in
magnitude to the time to yield for the impact ve-
locity and material under consideration. In any
event, the minor error in load associated with
more brittle (short time) fractures will have

little influence on transition temperature which

- .
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Fig. I-1 - Details of testpiece preparation -
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fusion boundary is approached. The assumption
made in this study that a line of minimum tough-
ness follows a path through the coarse grains of
the HAZ adjacent to the fusion boundary appears
to be Jjustified. In most cases, sufficient du-
plicate testpieces were available to ensure that
this "worst case" line could be located with con-
fidence.

Yield and fracture loads were plotted
against temperature e.g., Fig. I-3, and the an-
ticipated transition from pre-yield fracture to
stable, ductile tearing was observed with in-
creasing temperature. To compare different mate-
rials, it was necessary to define a transition
temperature. The temperature at which the frac-
ture load intersects the extrapolated yield load-
line provides a convenient and appropriate value.
At low values of fracture load, the plastic zone
size will be limited, and fracture behaviour is
thus less likely to be influenced by regions out-
side the coarse~-grained HAZ. In addition, the
slope of the fracture load-temperature 1line is
usually steep in the transition region between
preand post-yield failure, and a transition tem-

perature defined as above is thus not subject to

I I
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Fig. I-3 - Typical fracture transition curve

great error. Some consideration was also given
to the adoption of a transition temperature based
on time to fracture which is analogous to a de-
e.g. COD.

various factors such as local load-point indenta-

formation~based criterion However,
tion and deceleration can complicate the inter-
pretation of such measurements. For similar rea-
sons the adoption of a criterion based on energy
was also considered likely to introduce unneces-

sary difficulties.

Results and discussion
In the interests of brevity, the 56

load-temperature transition curves determined in
the present program are not included in the body
of this report, but are collected in the appen-
dix, Part V. VYield load fracture transition tem-
peratures were determined from these curves as
discussed above. Values for the as-welded sam~
ples are shown in Table I-3, whereas those cor-
responding to the stress-relieved condition ap-

pear in Table I-A4,

As~-welded condition

Figures I-4 and I-5 summarize the tran-
sition temperatures determined in the as-welded
condition for the 40 combinations of chemical
composition and heat input. Results are plotted
as a function of cooling time between 800 and

500°C, which is widely used as a characteristic

Table I-3 - Yield-load transition temperature,

as=welded condition, °C

Steel Heat input, kJ/mm (plate thickness, mm)
7.5(12) 4.4(12) 2.4(12) 1.4(12) 1.2(25)

A +27 +23 +25 + 9 -6
B +45 +32 +20 -2 -8
C +53 +53 s +18 -34 -6
D weli2 +75 +17 -11 + 2
E +20 +35 +15 + 5 -18
F +30 +38 +29 -7 -35
G +47 +28 +22 -3 -0
H +68 +75 +19 -6 =17




parameter of weld thermal cycles.

which concerns

In Fig. I-5,

the vanadium and molybdenum .con-

taining steels, results for corresponding vana-

dium and molybdenum free steels are also shown,

for purposes of comparison.

From these figures the following obser-

vations may be made.

1.

There is a general trend of decreasing tough-
ness with decreasing cooling rate.
the

However,

while plain carbon-manganese steel A

shows no further deterioration, once a cool=-
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Fig. I-4 - Variation .of yield 1load fracture

transition temperature with cooling time (800~
500°C), steels A-D '

COOLING TIME 800-500°C, s.

ing time of 39. 3 is: reached, the transition
temperatures of the micro-alloyed steels con-~
tinue to .rise,
of 80 s.

at least up to cooling times

This parallels the behaviour oh-

. served in earlier work on simulated heat-af-

(2,3).
The two higher niobium steels C and D showed

fected zones in microalloyed steels

a slight deterioration in toughness on pass-

- ing from the second fastest to the fastest

cooling rate.
At a cooling time of 39 s, toughness is rela-
tively insensitive to chemical -composition,

all transition temperatures lying between +15
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and +30°C.

3. At the shortest cooling times, the microal-
loyed steels are generally as tough as or
tougher than the plain-carbon steel.

4, Vanadium appears to have very little effect
on HAZ toughness, with or without niobium;
the only exception appears to be the extreme-

- ly low transition temperature achieved in
steel F at the fastest cooling rate
(Fig. I-5).

5. Molybdenum had no significant effect at the
lower niobium content of steel G in Fig. I-5
whereas at the higher niobium content of
steel H, the deterioration in toughness at

high heat inputs is accentuated.

Figure I-6 summarizes the effect of niobium
content. At the two highest heat inputs, some
deterioration in toughness with increasing niobi-
um level is apparent. The result for steel D
(0.14% Nb) welded with the highest heat input may
appear anomalous, and indeed, the transition
curve was based on a relatively limited number of
testpieces. However, variations in toughness re-
flect a complex system of metallurgical effects
and interactions, and detailed consideration of
such results will be taken up in Part IV in the
light of findings on transformation behaviour and

metallography.
At heat inputs of 2.4 kJ/mm and lower, nio-

bium has no significant detrimental effect on

toughness and may in some instances be beneficial.

Stress-relieved condition

Figure I-7 summarizes the results for welds
stress-relieved at a nominal soaking temperature
of 620°C. In strong contrast to the results
obtained in the as-welded condition at the same
heat-input, there is a marked deterioration in
toughness with increasing niobium content. Vana-
dium appears to have no effect in the absence of
niobium, but both vanadium and molybdenum appear
to accentuate the detrimental effect of niobium.
Table I-Y4 shows that the toughness of the stress=-
relieved micro-alloyed steels was somewhat im-

proved at a lower temperature, whereas a higher

YIELD LOAD FRACTURE TRANSITION TEMR, °C

100 I |

[&]
(o]

— 2.4 kJ/mm

| v
1.4 kJ/mm
—50 | |
(o] 0.05 0.10 0.5
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Fig. I-6 - Effect of niobium on yield load frac-

ture transition temperature, as-welded condition
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Fig. I-7 - Effect of niobium and stress-relief on

yield load fracture transition temperature



Table I-4 - Yield-load transition
temperature, stress-
relieved condition, °C

Steel Nominal stress-relief temperature, °C

620 510 675
A + 10 = +30 + 30
B 4 52 - - -
c + 97 +60 +100
D +105 - -
E + 12 - -
F +80 +40 + 75
d +100 +80 +100
H +107 - -

temperature gave no improvement.

Conclusions

It has been established that the instrument-
ed Charpy technique represents a powerful and
economic approach to the study of the effects of
chemical composition and heat input on HAZ tough-
ness. Although the method is only comparative it
is not certain that other small-scale laboratory
techniques yield results which are more directly
applicable to practice. Because of the rapid
variation of microstructure with distance from
the fusion line, some degree of scatter is inevi-
table, but the experimental technique has been
refined so that this effect is minimized. The
economical nature of the technique allows many
samples to be tested so that the probability
limit is good that a true lower limit to tough-
ness can be identified.

Niobium has been found to be detrimental
only at the highest heat inputs in the as-welded
condition. Vanadium has very little effect on
notch toughness but molybdenum appears to accen-

_tuate the detrimental effect of niobium at high

niobium contents.

In the stress-relieved condition, niobium
causes a progressive and serious deterioration in
toughness at a heat input of 2.4 kJ/mi. Vanadium
and molybdenum appeared to accentuate this effect
to some extent.
temperature from 620 to 510°C led to some im-
provement. in toughness in micro-alloyed steels
although an increase to 675°C .had no apparent
effect.

In subsequent sections, the tfansformation

A reduction in stress-relief

behaviour, Part II,’ and the metallographic. fea-
tures, Part III, of the experimental steels will
be considered. An'attempt to relate the tough-
ness results discussed above to the metallurgical

features of the 8 steels will be made in Part IV.
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PART II: CONTINUOUS-COOLING
TRANSFORMATION CHARACTERISTICS

A.B. Rothwell®

Introduction

One of the principal aims in the final
year of the program was to develop a thorough un-
derstanding of the fundamental metallurgy under-
lying the variation in toughness described in
Part I.

known to influence toughness. Among the most im=-

A number of microstructural factors are

portant of these are the dimensions of the char-
acteristiec structural features, e.g., the mor-
phology of prior austenite grains, "co-variant
packets" for structures consisting of parallel
laths, cementite particles etc., the presence of
a strengthening precipitate dispersion and, above
all, the basic microstructure e.g., Cferrite-
It is often

difficult in real welds to develop a full appre-

pearlite, bainite, martensite etc.

ciation of the effects of process and composition
on transformation behaviour, and thus on micro-
structure, as it is usually not possible to de=-

termine the transformation temperatures with any

degree of precision. Independent transformation
studies have thus been incorporated in weldabil-
ity investigatiohs for many years, and have pro-
vided information which 1is vital to an under-
standing of welding metallurgy (1-5). A number
of techniques are available for such studies, but
one of the most widely used has been that of
high-speed dilatometry, and this was adopted in

the present investigation.

Experimental detalls

The experimental materials were those
already detailed in Table I-1 of Part I.

Ideally, it is clearly desirable that
the equipment be capable of simulating in their
entirety the thermal cycles occurring in real weld

¥Noranda Research Centre, Pointe Claire, Quebec.

heat-affected-zones (4). However, no apparatus
currently exists which can achieve this ideal for
a full range of welding processes, though the
"Gleeble", and other instruments with sophisti-
cated programing capabilities, can reproduce the
cooling regime of any cycle to a high degree of
precision. The instrument used for the present
investigation, the Fuji "Formaster-F", has some
limitations in both heating and cooling capabi-
lities. However, it does allow the full range of
cooling rates in the transformation range to be
reproduced, and being designed primarily as a
yields high dilatation-

temperature traces.

dilatometer quality

Testpieces 10 mm long by 3 mm in diame-
ter, with a 2-mm deep thermocouple cavity 2 mm in
diameter in one end, were machined from the
12.7-mm plates. This configuration had given
good control and temperature distribution, par-
Plati-

num Alatinum-13% rhodium thermocouples were weld-

ticularly for rapid thermal cycles (6).

ed by capacitor discharge from 0.2-mm diameter
wire; the extremely small hot-junction thus form-
ed was discharge welded to the bottom of the cave
ity in the testpiece. The testpiece was then
mounted in the dialatometer head inside a vacuum
chamber. Heating was by a 3-kW, 1.7-MHz induc-
tion coil surrounding the testpiece; provision
was also made for gas cooling. Dilatation was
detected through a quartz rod by an LVDT system
operating within a thermostaticaliy controlled
oven, to eliminate thermal fluctuations. The
displacement signal and thermocouple output were
recorded simultaneously on a two pen recorder,
and also cross plotted on a Honeywell X-Y record-
er. The furnace chamber was evacuated to a pres-
sure of <13 mPa before each run, and high-puri-

ty helium was used where necessary for cooling.



Duplicate, or triplicate testpieces were treated
for each steel and cooling rate.

Five thermal cycles, designated I-V were
giving cooling times between 800
100 and 300 s
and thus covering the full range
In all

cases the peak temperature of 1320°C was reach-

investigated,
and 500°C of nominally 3, 10, 30,
respectively,
associated with normal welding processes.
ed ,in“ 10 s. This was the maximum 1rate1 of heat
input achieveable consistent with avoiding melt-
ing the. specimen, although it 1s somgwhat slower.
than would bg_observed_ciose to;the'fﬁsion boun-
dary in a typical arc weld. . - o

oo ' The = five thermal cycles adopted are
shown in Fig. II-1, Cooling curves I and II, for
gaslcooling only,‘are the most closely represen-
tative of the condipiqns typically experienégd‘by
the HAZ of.a real weld, but are complicated by
the effect of.the peat generated within the test-
piece on: ﬁransformation. As in many cases the
resulting thermal arrest. occurred between 800 and
500°C, ' '

rates within this range was inevitable.

some variation from nominal cooling
Cooling
curves III-V were linear from the peak tempera-
tqre. Some gas flow was necessary for cycles
IfI and IV to maintain linéarity through the
transformation range and below.
cycles will be slower than for a real weld at
the 800-500°C

range. Despite these 1iﬁitations; however, it is

corresponding . cooling times in

considered phat the transformation data generated

in the current study are valuable and will cover

the same range of transformation temperatures anq
products as would be observed in real welds,
though some slight displacement along the cooling
time axis is likely. '

The dilatation

traces during cooling were replotted as a dilata-

thermocouple output,
tion vs. _temperature curve to eliminate errors
arising fpom the non-iinearity of the thgrmo—
couple signal. Transfotmation _sﬁart and finish
temperatures could be determined as the first de-
tectable deviation of thi§ curve from the linear,
austenite and ferrite + carbide dilatation tfaces

respectively. Temperatures for.a given degree of

. Clearly, the

cooling rates at high temperatute for‘these three'

10

~shows a typical curve,

transformation were determined as the intersec-

tion between the experimental curve and lines
dividing the distance between the austenite and
ferrite + carbide lines and their extrapolations
into the desired proportions (7). Figure II-2
together with the con-
struction for determining percentage ‘transforma—
tion. 1In practice, a 2% deviation from linearity
is the minimum which can be determined with“any
this

the transformation

degree . of accuracy, and llevel was
accordingly used to define
start and finish temperatures .shown in the CCT
diagrams. In the interests of eclarity, the 2%
and 98% lines are not shown.in Fig. II-2.

- CCT diagrams were constructed for all
elght steels.
ing weldiﬁg data, the.presentatiop_a@opted was to
plot transformation temperature as-a function of
cooling ﬁime from. 800 to 500°C. . It. should be
notéd, however, tﬁat’ diagrams plotted in these
'coondinates‘ cannot . be _directly compared with
those presented in the conventional mamner.

In .addition to the above .measurements,
Ac1 and Ac3 temperatures were detérmined at a

heating rate of 0.033°C/s.
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Fig. II-1 - Thermal cycles used in dilatometric
investigation

For ease of comparison with exist-
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Each testpiece was sectioned transverse-
ly at midheight and examined metallographically.
The
etching in 2% nital.

general microstructure was observed after
It was also confirmed that
the degree of vacuum and the purity of the cool-

ing gas had been sufficient to prevent signifi-

cant decarburization, which can give rise to
spurious transformation start results.
The microstructure of the ecarbon-rich

regions (carbides or martensite/retained austen=
ite)

etching in saturated pieral.

was examined at high magnification after

Finally, the dia-
mond pyramid hardness was determined on each sec-
tion as the mean of at least three indentations

with a 5-kg load.

curve and construction for obtaining

Results and discussion

Table IT-1

atures for the eight experimental steels.

shows Ac1 and Ac3 temper-

Ac1
appeared to be relatively insensitive to microal-
loy additions, though there may have been a mini-

mum at around 0.1% Nb. Ac3 was not signifi-
cantly affected by niobium or molybdenum addi-
tions, but did appear to be somewhat higher in
the vanadium containing steels E and F. However,
the end of transformation on heating is not as
Steels E and F

would contain substantial quantities of vanadium

well defined as the beginning.
carbide in the as-rolled condition; these preci-~
pitates become readily soluble immediately above

the ferrite-austenite transformation temperature



Table II-1 = Ac

1

and Ac

3

temperatures

for experimental steels

Steel Transformation temperature, °C
Ac1 Ac3
A 700 865
B 690 855
c 680 865
D 690 830
E 700 905
F 695 900
G 690 875
H 685 880

and the influence of their progressive dissolu-
tion could be sufficient to distort the austenite
dilatation line in its initial stages and yield a
spuriously high Ac3 temperature. Niobium car-
bide would not have this effect as its solubility
is ‘very limited in the low austenite range. Be-~
cause these pseudo~-equilibrium transformatioh'daé
ta are of limited interest, given the high aus-
tenizing temperatures adopted in the CCT studies
reported below, no attempt was made to resolve
this question.
Continuous=-cooling transformation dia-
grams for the eight steels are shown in Fig. II-3
to II-10: the corresponding micrographs appear
in Fig. II-11 to II-26. The CCT diagrams will be
disoussgd individually in the first instance; the
effects of varying chemical composition will then

be examined. In steel A in Fig. II-3, the tem-

peratures corresponding to 2% transformation rise

progressively from 560°C for the fastest cool-
ing rate
and IV.

to 680°C for cooling rate V; this may appear
but it should be noted that in this

transformation is

The 2% transformation temperature falls

anomalous,
range,
ated.
generated by the long time at high temperature,

grain-boundary nucle-

The extremely large grain size of 0.5-1 mm

thus causes a marked reduction in the initial

transformation rate.

to over T00°C for cooling rates III
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The 50% transformation temperature for’

this steel shows a progressive rise from 460°C
at’ the fastest cooling rate to 625°C at the
slowest, whereas the 98% transformation tempéra-
ture rises rapidly from 355°C for cooling. rate
I to 475°C for rate II, and then more slowly to
540°C for the slowest cooling rates.

The sequence of microstructures shown in
Figs. II-11 and 12 agrees well with these trans-
formation temperatures; the Ms temperatures for
the experimental steels should lie in the range
470-480°C (8),
polygonal ferrite generally begins to form only
above «v680°C. In the
mediate temperature range, structures broadly re-

while grain boundary nucleated

at temperatures intepr-
ferred to as bainitic are formed.

At the fastest cooling rate, the micro-
structure of steel A is approximately half mar-
tensitic and half bainitic, in agreement with the
50% transformation temperature- -of U460°C.
martensite progressively disappears as the cool-
ing rate decreases, and some grain-boundary poly-
rate III,
vould be expected from the high transformation

gonal ferrite appears at éooling as
start temperature.
primarily of parallel laths at the three fastest
cooling rates, but appears to be more randomly
oriented for cooling rates IV and V; The carbon-
rich regions in the bainitic structure are pre-
dominantly light-etching martensite/retained aus-
tenite (M-A) at the fastest cooling rates I and
I1;
at cooling rate III,

some dark-etching carbide aggregates appear
whereas for slower cooling
rates, only carbide
(Fig. II-17).

Steel B shows similar transformation he~

aggregates are visible,

haﬁiour to that of steel A, althougﬁ_the rise in
transformation start temperature to. ofer 700°C
occurs at a somewhat longer.cooling time, (Fig.
II-4). 1In addiéion, there may be a slight fall
in transformation finish temperature at the long-
est cooling time. The 6pticél microstructures
are thus broadly similar to those of steel A
(Fig. II~13 and 14), except that 1little

grain bqundary ferrite 'is - visible at cooling

or no

The bainitic ferrite consists.

14

.The

the slowest cooling rate,

rate IIIL, and some M-A persists even at the long-
est cooling time.
The

Fig. II-5 ‘and microstructures in- Fig. II-15 and

transformation behaviour shown in
16 as observed in steel C, are similar to those
in steel B.

temperature at cooling rate II remains somewhat

However, the transformation start

lower, and the fall in start temperature at the

slowest cooling rate appears more pronounced.
Steel D in Fig. I1-6, 17 and 18 behaves

in a similapr manner to the other niobium steels,

although the fall in transformation temperature

~at the slowest cooling rate may be even more

marked. In addition, the start temperature is
somewhat higher for cooling rate III at
w700°C, and no grain-boundary ferrite is ob~
served.

Steel E shows rather lower transforma-
tion temperatures at the fastest cooling rate
than do steels A~D' (Fig. II-7), and there appears
to4 be a higher percentage of martensite in the
the
bainitic ferrite is predominantly randomly orien-
' Little M-A

appears beyond cooling rate III (Fig. II-20). At

microstructure ’(Fig.’II-19). Furthermore

tated from coolihg rate II1 onwards.

the transformation is
virtually complete by 570°C, and .the resulting
microstructure is a coarse,

rite.

almost equiaxed fer-

Steel F
particularly low

in Fig. I1-8, 21 and 22 shous
transformation temperatures at
the fastest cooling rate and the structure is
At

transformation temperatures remain some-

predominantly martensitic. slower cooling
rates,
what lower than in the corresponding steels B.
and E, but grain-boundary ferrite is visible at’
tﬁe two slowest cooling rates. - . '

Steels G and H also show low trénsfprma-

tion temperaﬁures and predominantly martensitic

microstructures at the fastest cooling rate
(Fig. I1I-9, 10, 23-26). In addition, as expect-"
ed, molybdénum holds the transformation start

temperature to 600°C or below for longer cool-

ing times than in other steels. No significant

amount of grain-boundary ferrite was observed at




















































any cooling rate in these steels, and some M-A

persisted even at the longest cooling times.

Table II-2, which obviously involves
some simplifications and subjectivity, attempts
to summarize all the microstructural observa-

tions. It is possible to isolate the following
qualitative trends:

Niobium has little effect on the major
transformation product but tends to encourage the
retention of M-A. Vanadium promotes the forma-
tion of a more randomly-orientated bainitic fer-

rite at slow cooling rates. Molydenum eliminates
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the formation of grain-boundary ferrite and pro-
motes the retention of M-A.

The effects of chemical composition on
summarized in

transformation ‘temperatures are

Fig. II-27. 1In this figure, 5% and 95% transfor-
mation temperatures are used as they are more in-
dicative of the overall transformation conditions
and less influenced by minor microconstituents
formed at the beginning and end of the transfor-
mation range. The effect of niobium appears par-
ticularly clearly in these diagrams. For the two

shortest cooling times, niobium has little or no

Table II-2 - Microstructure of dilatometer samples

Steel Cooling rate
I II III IV V
A Structure M + B(P) B(P)+n gbf+B(P)+m GBF+B(R) CBF+B(R)
Carbon-rich zones M-A M=A M-A + ¢ C c
B Structure M + B(P) B(P)+m B(P)+m gbf+B(R) GBF+B(R)
Carbon-rich zones  (unresolved) M-A M-A + ¢ M=A+C C-+ma
C Structure M + B(P) B(P)+n B(P) gbf+B(R) gbf+B(R)
Carbon-rich zones (unresolved) M-A M-A M-A+C C-+ma
D Structure M + B(P) B(P) B(P) gbf+B(P) GBF+B(R)
Carbon-rich Zzones M-A M-A M-A M-A+c C+ma
E Structure M + B(P) B(P)+m gbf+B(R) GBF+B(R) GBF+EF
Carbon-rich zones M-A M-A M-A C-+ma C
F Structure M + b(p) B(P)+m B(P) GBF+B(R) GBF+B(R)
Carbon-rich zones  (unresolved) M-A M-A C+M~A C
G Structure M + b{p) B(P)+M B(P)+m B(P) B(R)
Carbon-rich zones (unresolved) M-A M-A M=A M-A+C
H Structure M + b(p) B(P)+M B(P)+m B(P) B(R)
Carbon-rich zones _ (unresolved) M-A M-A M=-A MA+C
Key: M: martensite
B(P): bainite consisting primarily of packets of parallel ferrite laths
B(R): coarse bainite consisting of apparently randomly-orientated ferrite

GBF: grain-boundary nucleated, equi-axed ferrite

EF: grain-interior, roughly equi-axed ferrite

M-A: martensite/retained austenite

C: carbide or ferrite-carbide aggregates

Lower case letters denote minor constituents
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Fig., II-27 - Effect of chemical composition (niobium, vanadium, molyb-

denum) on transformation temperatures

significant' influence on transformation tempera-
tures, whereas at longer cooling times, transfor-
with
This decrease ap-

mation temperatures decrease progressively
increasing niobium content.
pears to be particularly pronounced at a cooling
time of 300 s.

These observations can be logically ac-
counted for in terms of the time a\'rail.ablelf‘or

dissolution of niobium carbide at the peak tem~

perature. For example, the times spent above

1000°C for the five cycles were 7, 8, 41, 130,
and 390 s,

that little or no niobium is taken into solution

respectively. It is quite plausible

for cycles I and II, whereas cycles III and IV
allowed a progressively greater degree of dissol-

ution.

Vanadium aione appears to have very lit-
tle effect on transformation behaviour except, as
noted above, to raise transformation temperatures
at very slow cooling rates. The latter observa-
tion is unexpected, but the tendency of vanadium
to promote the formation of polygonal ferrite in
the heat-affected zone of high heat input

_has been noted before (10).

welds
In the presence of
"mar-

niobium, vanadium markedly increases the

tensitic hardenability", and thus results in a
considerable drop in transformation temperatures
at the fastest cooling rate. There is also a
considerable reduction in transformation tempera-
ture at a cooling time of 100 s, which is not
readily explained.

Molybdenum, as might be expected, causes
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a substantial decrease in transformation tempera-
this effect

appears bto be practically independent of niobium

tures under all cooling conditions;

content.

Figures II-28 and 29 show the variation
in hardness with cooling time for the eight ex-
perimental steels; also shown are the experimen-
tal maximum values measured in the heat-affected-
The dilatometer results

zones of real welds.

show broadly the same btrends as those from the

welds but generally at slightly lower hardness
values. It is difficult to account in detail for
this discreprancy, but there are two factors

which may be significant apart from the differ-
ences in details of the thermal cycles mentioned
above. First, there is an instantaneous tempera-

ture gradient across the real weld HAZ so that
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the transformation characteristics of any given
point may be influenced by adjacent regions at a
lower temperature, or in the case of the coarse
by the weld metal.
the hardness values shown for the real welds
thus,
fusion boundary;

be

grained HAZ,

ly,
are

More important-

"maximum®
to

values

values and,
the

can

refer to points
very close "maximum"
hardness typically 20-30 points
higher than average. It is interesting to note
that the expected hardness for virgin martensite,
estimated at around 370HV in these steels, was
not approached even in steels F, G and H, despite
their prevalently martensitic microstructure at

thé fastest cooling rate. However, with an MS

temperature around 470°C, very rapid cooling to
room temperature would be needed to avoid sub-

stantial autotempering, and the values reached in



steels G and H (£330HV) are close to the maxi-
mum usually observed for practical cooling condi=-
tions in 0.1% C steels.

Figure II-30 shows the hardness of the
dilatometer samples as a function of 50% trans-
formation temperature. This has been shown in
previous work to- be a reasonable expression of
overall transformation bhehaviour, though, clear-
ly, no single parameter can be fully adequate for
this purpose (5). With the exception of steel B
(0.034% Nb) and one anomalous point for steel F,
the all

fall approximately within the band determined in

results for niobium-containing steels
an earlier dilatometric study on steels contain-
~ing 0.06% ¥b or 0.03% Nb, 0.07% V (11).
eral,
of,
ranging study using Gleeble simulation (5).
in that
higher hardnesses

In gen~
the present results fall at the bottom end

As

observed consistently

study, however,
were obtained in the micro-al-
loyed steels than in the reference plain~carbon

material. There may be some tendency for this

or a little below, a band obtained in a wider -
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_perature portion of the thermal cycle.

could readily be explained for the higher trans-
formation temperature by reprecipitation of mic-
roalloy carbides dissolved during the high-tem-~
However,
the difference appears to persist at least down
to 450°¢,

where precipitation of microalloy carbides during

transformation temperatures around

cooling would be very unlikely; given the very
short time at high temperature. assoeciated with

the faster thermal cycles, it may be that a suf-
ficient precipitate dispersion to give rise to
some hardness increment 1s preserved throughout
the thermal cycle.

Alternatively, solid solution

effects may be involved, although small concen-
trations of substitutional solutes are unlikely

to give rise to significant hardening.

Conclusions

At the fastest cooling rates studied,
microstructures are predominantly martensitic or
mixtures of martensite and bainite consisting of

packets of parallel ferrite laths. These struc-

difference to peak at around 580-600°C, and it tures are consistent with the observed transfor-
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Fig. II-30 - Variation of hardness with 507 transformation temperature




mation tem-
perature of U70-480°C.

creases and the transformation temperatures rise,

temperatures and the calculated Ms

As the cooling rate de-

martensite is progressively replaced by bainite.
At the higher transformation temperatures, the
structure tends

parallel-lath bainitic to give

place to an apparently random structure. In ad-

dition, carbide aggregates begin to appear in-
stead of the martensite/retained austenite (M-A)
seen at the 1lower temperatures. Grain-boundary
ferrite is generally present when transformation
start temperatures rise above 680-700°C., Nio-
bium appears to have limited effects on gross
microstructure but tends to promote the retention
of some M~-A to slower cooling rates. Vanadium
appears to inerease the tendency towards the for-
mation of more randomly oriented ferrite at slow
cooling rates, where:s molybdenum completely eli-
minates grain boundary ferrite and leads to the
retention of significant amounts of M-A even at
the slowest cooling rates.

Niobium has 1ittle influence on trans-
formation temperatures at fast cooling rates, but
leads to a progressive decrease in transformation
temperature at slower cooling rates. This may be
explained by the differences in the high-tempera-
ture portion of the thermal cycles and by the
solubility

Vanadium has little effect in the absence of nio-

characteristies of niobium carbide.

bium, but in the presence of niobium causes a
significant decrease in transformation tempera-
ture at the fastest cooling rate. Molybdenum re-
duces transformation temperatures for all thermal
cycles.

with

broadly the same way as in the HAZ of real welds,

Hardness varies cooling rate in
but hardness values are uniformly lower in the
dilatometer samples. The hardness expected in a
0.1% carbon virgin martensite is not approached
even in those steels which showed predominantly
martensitic microstructures at the fastest cool-
ing rate. This could be explained by the pres-
ence of some bainitie regions, and by the prob=
able occurrence of a substantial degree of auto-
tempering during the relatively slow cooling be-

tween Ms and room temperature.
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Hardness varies inversely with 50%
transformation temperature, the microalloyed
steels show higher hardness than the plain

carbon-manganese steel at virtually all transfor-
mation temperatures. Vhereas this could be ex-
plained by dissolution and

for the

reprecipitation of

niobium carbide higher transformation

temperatures, the explanation is not plausible at
lower temperatures. In these instances, the re-
tention of precipitate particles throughout the
thermal cycle may account for the hardness incre-
ment,

times within the dissolution range being

very short, particularly for the two fastest

thermal cycles.
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PART TII - SECTION ‘A!
METALLOGRAPHIC ANALYSIS OF
HAZ MICROSTRUCTURES

by

J.T. McGrath* and A.G. Glover¥

Introduction

In the study of HAZ toughness of welds
the 1link
toughness properties and microstructure must be
established. The objective of Part ITI of this

report is to provide a complete characterization

prepared in microalloy steels, between

of the features of the HAZ microstructure con-
tained in the following weldments:

(a) eight steel compositions welded with five
heat inputs;

(b) eight steel compositions welded at a given
heat input and stress-relieved at 620°C.

The summary of the metallographic data
contained in this part is intended as a companion
document to Part I which is a compilation of re-
sults of the instrumented impact test program.
HAZ toughness properties are linked with micro-
structure in Part IV.

In addition to the metallographic ana-
lysis, the report contains the results of some
slow bend crack opening displacement (COD) frac-
steel

The

ture toughness tests performed on four

weldments prepared at a similar heat input.
purpose of these tests is to provide a comparison
between the results of fracture toughness tests

carried out at low and high strain rates.

Experimental

Metallographic analysis

Materials

Submerged-arc welds prepared in eight

steels at five heat inputs were provided for

metallographic analysis of HAZ structure. The

*#Canadian Welding Development Institute, Toronto

composition of the steels and the heat input/-
cooling rate data are listed in Table III-1 and
Iir-2.

The HAZ structure of welds
the eight steels with a heat input of 2.4 %J/mm

prepared in

and stress-relieved at 620°C were examined.

Metallographic technigues:

(a)

taken through the thickness of the weldment and

Optical microscopy -- Sections were
were mounted and polished using standard tech-
niques. The gross microstructure was revealed by
Details of the

carbon-containing regions were revealed by pre=-

etching in 2 1/2% nital solution.

-ferential etching in saturated picral solution.

When a quantitative assessment of the
amount of various transformation products was re-
quired,

a point-counting technique was used in

which 500 counts were taken over 20 areas. In

examining the HAZ, the emphasis was placed on
characterizing the structure of the coarse grain
region immediately adjacent to the fusion boun-
dary. This region is the most significant with
in
that the ¢tip of the notch in the impact test

speciment is positioned within the coarse grain

respect to HAZ fracture toughness properties,

region.
The objectives of the examination by op-

tical microscopy were to;

i) identify the gross HAZ microstructure
in terms of type and amount of trans-
formation products;

ii) identify carbon-containing microconsti-

tuents;



Table III-1 -~ Compositions of experimental steels, wt %
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Code c Mn Si A1 s P Nb v Mo
A 0.095 1.27  0.175 0.038  <0.005 0.008 - - -
B 0.095 1.27 0.175  0.038 <0.005 0.008 0.03%4 - -
c 0.085 1.31  0.25  0.044%  <0.005 0.009  0.09 - -
D 0.085 1.31  0.25  0.044  <0.005 0.009  0.14 - -
E 0.08  1.26  0.235 0.017 0.005 0.007 - 0.09 -
P 0.08  1.26  0.235 0.017 0.005 0.007  0.042  0.09 -
G 0.075 1.3%  0.23  0.054  <0.005 0.008  0.05 - 0.31
H 0.075 1.3%  0.23 __ 0.054 0.008  0.095 - 0.32

Table III-2 - Welding parameters

<0.005

Code Energy input Cooling time, At800—500°c

kdJ/mm s
30 : 1.2 6.5 I
36 1.4 16 II
60 2.4 - . 39 III
112 4.y ’ 80 IV
150 7.5 : 160 -V

iii) provide a measure of the prior auste-

nite grain size of the coarse grain HAZ.
(b) Transmission electron microscopy ==
Specimens for examination in the TEM were pre-
pared by two techniques: (i) thin foil, and (ii)
extraction replica.

In the preparation of thin foils, wafers
were cut through the thickness of the weld. The
wafers, which were initially 0.038 mm (0.015 in.)
thick, were reduced to 0.020 mm (0.008 in.) by
the thinning action of a chemical polishing solu-
tion (80% Hy0,, 5% HF, 15% HZO).
mately 6-8 disks (3 mm in diameter) were cut out

Approxi-

from the wafers by means of a mechanical punch.

The disks contained the coarse grain--region of

7.5 kJ/mm.

the HAZ. Final electropolishing of the disks was
carried out in an automatic Disapol cell, using a
solution of 80% methanol and 20% perchloric acid.

Polishing conditions were -35°c, 35 V, 0.5 A.

The extraction replica technique is
covered in Section B.
(¢) Scanning  electron  microscopy -- The

fracture surfaces of selected specimens were ex-
amined by scanning electron microscopy. The fra-
ctured faceé were electropolished, using the con-
ditions in (b), for 1 min to remove a minimum
of surface metal and then etched in 2% nital.
This allowed the features of the brittle fracture
within the HAZ to be related to the gross micro-

structure.

COD fracture toughhess testing

Slow bend COD tests were carried out on
the HAZ coarse grain region of welds in steels
A,D,E,

and H prepared at a heat input of

Specimens, 10 mm x 10 mm x 60 mm,
were machined and notched in the same manner as
described in Part I. The tip of the fatigue pre-
crack was positioned to 1lie within the coarse
grain region of the HAZ.

The specimens were tested in bending
with a load/displacement curve being recorded.

The critical COD value was determined from the



maximum surface displacement measured from a clip
gauge. The maximum surface displacement was re-
when extensive

or at the load

corded either at maximum load,
plastic deformation took place,
associated with abrupt fracture initiation.

The objective of the (0D test program
was to establish the temperature at which frac-
initiation

ture changed from a ductile tearing

mode to a rapid, brittle mode. for each

HAZ COD tests

Thus,

weldment, were conducted over a

range of temperatures from 25°C to -100°C.

Results

Metallographic analysis

The metallographic data for HAZ struc-
tures in the as-welded condition will be presen-
ted with the steel compositions arranged in the

following groupings:

weldments from steels A,

Group I : B, C,
and D, allowing the effect of Nb
content to be assessed;

Group IT : weldments from steels A and E
will indicate the effect of van-
adium;

Group ITII: weldments from steels B and F
will show the effect of vanadium
in a Nb bearing steel;

Group IV : comparing weldments from steels

G and B and H and C will allow
the effect of Mo in Nb bearing
steels to be determined.

So that results of the optical micro-
scopy examination can be related to the metallo-
graphic data in Part II on continuous cooling
the HAZ struc-

tures will be presented for each steel weldment

transformation characteristiecs,

as a function of cooling rate.

Group T -- The HAZ microstructure of
steels A, By, C and D can be compared in

Fig. III-1 to III~8.

of cooling rate on HAZ microstructure for each

If one examines the effect

steel, some general trends emerge. Using steel A
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as an example, the HAZ exhibits a coarse bainitic

structure with large polygonal ferrite grains
along the prior austenite grain boundaries at the
rates IV and V, (Fig. ITI-1). As

the bainite structure

slow cooling
the cooling rate increases,
but the bainitic ferrite 1lath

The

remains the same,

width and overall pacxet size decreases.
smaller packet size relates to the decrease in
prior austenite grain size with lowering heat in-
put (Table III-3). :

ferrite

The amount of grain boundary

becomes less with increasing cooling

rate. At the fastest cooling rate, martensite

foms in addition to bainite. The quantitative
assessment of the amounts of bainite and marten-
site at the
Table ITI-4.
The carbon-rich

fastest cooling rate is shown in

the HAZ are
In
carbide aggregates form be-

regions in

also affected by change in cooling rate.

steel A for example,
tween the bainitic ferrite laths at the slower
cooling rates (Fig. ITI-2). Some of the large
carbide~containing regions have the appearance of
pearlite. At the faster

classical lamellar

Table ITI-3 - Prior austenite grain size

Cooling rate Grain size

Abg0o° - s00°c, © Hm
160 150-160
80 160-170
39 70
16 65
6.5 61
Cooling rate Steel Grain size
Btgo0°z - s00°2¢, ° wm
6.5 A 60-66
6.5 B 61-66
6.5 C 51-60
6.5 D 5865
6.5 E 60-65




























Table III-4 - HAZ constituents in weldments
subjected to cooling rate I

Steel % Bainite % Martensite - Other
A 78 20 2
B 78 16 6
C 91 6 5
D T4 18 8
B 52 , 4o 3
F 41 ' 51 8
G 25 4 E
H 29 69 2

cooling rates;' II and III, the carbide regions

have become much finer and are being replaced by

the 1light etching martensite-~austenite (M-A)
structure. The TEM observations will reveal more
information about the M-A particles. At the

fastest cooling rate, I, the carbon-rich regions
are primarily martehsite and M-A particles.
the

i.e., variation in,Hb content, on HAZ structure,

To assess effect of composition,
one can compare the structures of the four steels
At the slower

the bainitic ferrite

in Group I at each cooling rate.
IV and V,

lath width becomes narréwer and the sgize of the

cooling rates,

carbide aggregatés between the laths becomes
smaller with niobium‘éddition. There was no ob-
vious effect of niobium on the formation of M-A
regions. For the four steels in question, a sig-
nificant amount of M~A bparticles was initially
observed at cooling rate III. As the prior aus-
tenite grain size for a given cooling rate isfnot
affected by niobium content,
Table III-3,

mation products is likely due to a decrease in

as 1illustrated in

the observed refinement in transfor-

transformation temperature with increasing ﬁio—
bium content. At cooling rate, I, the quantita-
tive assessment of strucfure indicated no signi-
ficant effect of niobium on martensite content,
Table III-4.

' Additional microstructural features from
shown in Fig. I1II-9,

the TEM examination are
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There was only sufficient HAZ material available
from weldments made at the highest heat input to
permit thin of
thin foils of steels A and D in the TEM revealed
that the HAZ had a high dislocation density that

foil preparation. Examination

masked any fine carbide precipitate particles

that might be present, particularly in steel D.
The lamellar carbides that reside along bainitic
ferrite lath boundaries revealed in Fig.
III-9(b).

The observation of carbide precipitates

are

from extraction replicas are contained in Section
B.

The SEM examination of fracture surfaces
of the HAZ of steel weldments A and D, prepared
at the highest heat input vas not enpirely satis~
The main drawback was the very narrow
The
fracture areas that were.studied were essentially
with
with

cracks that were observed in.étéels A and D were

factory.
region of V1 mm avallable for examination.
quasi-cleavage, some indication of ductile

tearing along cleavagel facets. Cieavage
contained” within individual bainite packets and
ran across bainitic ferrite laths rather than
along lath walls. ThesSe observations 'are illus-
trated‘in Fig. III-19.

A parallel study was carried out by the
authors on steels of similar composition given
simulated heat inpuﬁs in a Gleéble to produce a
larger area of HAZ structufe. The fracture sur-
faces of the simulated specimens showed the same
of . Figure 11111

illustrates cracks running across bainite colo-

features crack orientation.

nies.

Group II -- Comparison of the HAZ struc-
tures for weldments A-and E enables the effect of
vanadium to be assessed. Figure III-12 shows the
effect of steel E HAZ.  The
structure ranges from coarse bainite and coarse
at the

to finer

cooling rate on

grain boundary ferrite slower cooling
and bainite
The

gross HAZ microstructures of E are very similar

rates, IV and V, ‘bainite

plus martensite at fastér cooling rates.

to steel A for a given cocling rate (Fig. III-1).
















The quantitative assessment of structure at cool-
Table III-Y4,
tensitic content for steel E than steel A.

The

of the HAZ of steel E as a function of cooling

ing rate I, indicates a higher mar-

examination of ecarbon-rich regions

rate, reveals coarse carbide aggregates at slow
cooling rates, fine carbide/M-A regions at the
II and ITI,
M-A particles and martensite laths at the fastest
(Fig. III-13).
structures are comparable to those of steel A,
HAZ, Fig. III-2.

intermediate cooling rates, and fine

cooling rate, Once again these

Group III -- The effect of vanadium on
the HAZ structure of niobium-containing steels
can be assessed in steels B and F. The gross HAZ
microstructure and the structures of the carbon-
rich regions as a function of cooling rate are
IIT-14 and III-15 for

The same general trend in terms of refinement of

shown in Fig. weldment F.
structure with inecreasing cooling rate observed
for the other weldments was exhibited by steel F.
However,

comparing steel F with steel B, it is

apparent that, in the carbon-rich regions, steel

F has a slightly finer structure (bainitic fer-
rite lath width) for cooling rate III and slower.
There is no significant difference between steel
F and steel B in terms of size of carbide aggre-
Steel F

has a higher martensite content than steel B at

gates or nucleation of the M-A regions.

cooling rate I.

Group IV -~ In this group the effect of
Mo on HAZ structures in steels containing Nb at
two levels
G with B

structures

can be determined, i.e., compare steel
and steel H with C. The gross HAZ
of weldment G as a function of cooling
shown in Fig. III-16. In comparing
directly with steel B (Fig. III-3) the

rate are
structures
following observations can be made:
(a) the HAZ structure in steel G is predo-
minantly bainitic with very small amounts of
polygonal ferrite along grain boundaries;
(b) the ferrite lath width is much narrower

in steel G; and
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(c) steel G HAZ has a higher martensite con-

tent than steel B at cooling rate I.

The main observation in examining the
carbon-rich regions in Fig. III-17 is the pre-
sence of M-A particles, even at 3slow cooling

rates IV and V,
B,

achieved before M-A particles became prominent.

in steel G HAZ, whereas in steel

it was necessary that cooling rate II be

The 1lack of grain boundary ferrite in
steel G HAZ suggests that the ferrite nose of the
CCT diagram of steel G has been displaced to
thus to

transform entirely

longer times, allowing the austenite

to bainite at slow cooling
rates. A depression in the bainite start trans-

formation +temperature with molybdenum addition
would account for the finer bainitic structure.
This lower transformation temperature zalso sug-

gests that carbon diffusion would be more slug-

gish in steel G, allowing the observed M-A
regions to form in preference to carbides.
In examining the HAZ structures of

steels H and C, similar observations apply as for
steels G and B, the exception being that there is
less difference in bainitic ferrite lath width in
steels H and C.

Thin foil examination in the TEM reveals
the structure of the M-A particles which occurred
in steel H HAZ at cooling rate V. ITI-
20,

can be observed.

In Fig.
twinned martensite within the M-A particles
The presence of twinned marten-
site was verified by the split spot selected area

diffraction pattern.

Stress-relieved HAZ structures

The eight steel weldments prepared by an
energy input of 2.4 kJ/mm were stress-relieved at
620°C., While the gross HAZ microstructure re-

mained the same, i.e., predominantly bainitie,
changes in the carbon-rich regions were revealed
III-21 and

precipitates

by piecral etching.
Iir-22,

formed in all eight weldments.

As shown in Fig.

spherical carbide have
The sites of pre-
cipitation were between bainitiec ferrite laths
The

were observed in many of the

and along prior austenite grain boundaries.

M-A regions, which

































64

HAZ structures in the as-welded condition, have Table TII- 5 - Maximum HAZ hardness of
been replaced in every case by fine carbide pre-~ stress-relieved welds
cipitates.

The hardness of the coarse grain HAZ

region for each stress-relieved steel is listed Steel Maximum HAZ hardness Hv('IO)

in Table III-5. Hardness traverses of the HAZ

are shown in Fig. III-23. A 210

B 274

COD fracture toughness data c 289

The cr;itical COD values, &8¢, were de< D 333

termined over a range of temperatures down to E 215

-112°C  for the HAZ regions of weldments A, D, F 302

B, and H, which had been prepared at a heat input G 292

of 7.5 kJ/mm. The COD data are summarized in H 339
Table III-6. Those specimens which failed in a

400 — _ — . —

STEEL A STEZLL B STEEL C STEEL D

SYM | HAZ WM | HAZ WM | HAZ WM | HAZ
300 |— o ]

Hv
200 |~ - 4 - -
ool 11 L L] L1
400 — [ —
STEEL E STEEL F STEEL G
WM| HAZ WM | HAZ WM |HAZ
300 }— — — —
Hv <
o
200 |- l— -
100 | | { J | | | | ] i I |
0 I 2 3 0 | 2 3 0 { 2 3 0 | 2 3
mm mm mn mm

Fig. II1I-23 - Results of microhardness (200-g load) traverses on
welds in steels A to H. Weld energy input was 2.4 kJ/mm, all welds
stress-relieved at 620°C for one hour.




Table ITI-6 - COD results for
heat-affected zone

Specimen®* Temperature Se
°c mm

22 1.42

22 1.08

0 1.34

0 1.45

A150 -lo 1.38

-80 1.60

~80 0.50

=112 0.07

22 1.30

22 1.25

D150 0 1.08

0 1.31

-ho 1.05

~-40 0.18

22 1.31

22 1.40

-20 1.18

E150 ~20 1.19

~60 1.16

~30 1.06

=90 0.37

~90 0.51

22 1.33

22 1.30

10 1.19

H150 5 0.15

-5 0.07

-5 0.98

-20 0.14

=20 0.10

*Jeldments prepared at energy input of
7.5 &J/mm

ductile manner had a load/displacement curve in
which the load dropped gradually after achieving
a maximum. With the transition to cleavage
failure, the 1load/displacement curve exhibited
limited non-linear behaviour prior to an abrupt

drop in load. The temperature for the onset of
cleavage failure is recorded for each weldment in
Table III-7. Also recorded in Table III-7 is the
yield load transition temperature as determined
from the dynamic instrumented Charpy tests. The
differential between the ductile-brittle tran-
sition temperature for slow bend and dynamic
loading is of the order of 75 to 110°C and is
in reasonable agreement with that found by other
investigators in comparing toughness properties

measured by slow and fast loading procedures (1).

Summary of results

The effects of cooling rate and compo-
sition on HAZ microstructures were the focus of a
metallographic analysis. It was generally found
for all steels that, as a function of increasing
cooling rate, HAZ microstructures changed from
mixtures of coarse bainite and polygonal ferrite
at grain boundaries for the slowest cooling con-
ditions, through fine bainite, to bainite-marten-
site mixes at the fastest cooling conditions.
The prior austenite grain size was reduced as the
cooling rate increased with lower heat inputs.
Increasing the cooling rate also resulted in a
change from coarse carbide aggregates between
ferrite laths to M-A particles.

For Group I weldments, the effect of in-
creasing niobium content was to reduce the width
of the bainitic ferrite laths and the size of the
carbide aggregates, particularly at the slow
cooling rates. Prior austenite grain size was

insensitive to niobium addition.

Table III-7 - Ductile/brittle
transition temperature

Steel Trangition temperature, °C
COD Instrumented Charpy
A -80 27
D -40 4o
E -90 20
H 5 68




Vanadium, Group II and Group III, has no
significant effect on ﬁhe gross HAZ structure in
both niobium free and niobium containing steels
at cooling rates slower than rate I. For cooling
rate I, the vanadium bearing steels had a higher
martensite content in the HAZ.

In Group IV, niobium containing steels,
the addition of molybdenum decreases the amount
of grain boundary polygonal ferrite, refines the
bainitic structure, promotes the formation of M-A
particles at the slowest cooling rates IV and V,
and increases the martensite content at cooling
rate I.

The treatment at

620°C modifies the carbon rich regions by pre-

stress relieving

cipitating fine spherical carbide particles along
ferrite lath boundaries and prior austenite boun-

daries in a predominantly bainitic HAZ structure.

M-A particles were replaced by fine carbides.
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The results of the COD test program in-
dicate a differential in ductile-brittle transi-
tion temperature between slow bending and dynamic
" order of 75 to 110°C for

four steel HAZ structures investigated.

loading of the the
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PART III - SECTION 'B'
PRECIPITATION EFFECTS

G.C. Weatherly®

Introduction

In Parts I, II and IITA, instrumented
impact tests, continuous cooling transformation
characteristics, and microstructures of a series
of microalloy steels have been dealt with. This
work has shown that a significant deterioration
of fracture toughness as measured by the instru-
mented impact test occurs at high niobium levels
for the highest heat input welds, whereas vana-
dium has very limited effects. The deleterious
effects of niobium are even more marked in the
stress-relieved condition, whereas again, vana-
dium on its own, has little influence.

The role that niobium plays in micro-
alloy steel welds is poorly understood, although
there is general agreement that for high heat in-
put welds and at high niobium levels, a deterior-
ation in toughness occurs. Theories proposed to
explain this can be broadly grouped into two cat-
egories:

(i) precipitation effects and
(ii) modification of the austenite-ferrite
transformation characteristics.

The principal proponent of the former
theory 1is Hannerz, who in a series of publica-
tions proposed that microalloy precipitation of
Nb (C,N) or VN is responsible for the high hard-
ness and poor toughness of the weld metal or HAZ
(1) (2) (3).

As the direct evidence for microalloy
precipitation is unconvincing, a number of other
authors have suggested instead that the role of
niobium is to promote the formation of a coarse
lath ferrite structure which has poor toughness

() (5) (6).

Evidence for this was presented by

*Dept. of Metallurgy & Material Sciences,
Toronto, Canada.

Levine and Hill, but again before this result can
be accepted, the statistical significance of the
observation must be evaluated (6). The impor-
tance of statistics in this type of work was em-
phasized in a recent study of Pacey and Kerr,
where they showed large variations in the micro-
structure of a single weld in neighbouring cross
sections (7).

The role of niobium in modifying the
microstructure of the HAZ was assessed in Parts
II and IIIA. In this part, evidence for micro-
alloying precipitation will be presented. The
single most important factor in this work is
selection and development of a reliable technique
for detecting fine precipitation of 1less than
5 ym in size. Hannerz and colleagues used trans-
mission electron microscopy of thin foils pre-
pared from the weld and heat affected zone (1)
(2) (3).

the stress-relieved condition, but concluded that

They were able to show precipitation in

any precipitates formed in the as-welded condi-
tion were below the resolution limit of the elec-
tron microscope. As the resolution limit of most
modern electron microscopes is below 53, they
presumably mean that in a typical thin foil, the
available contrast mechanisms for seeing fine
particles, via strain field or structure factor
differences, do not permit observation of very
fine particles (8). This inherent limitation of
thin foil studies is exacerbated in the present
case by the high dislocation density and high in-
ternal stresses of a weld which lead to buckling
of the foil.

tigation, thin foil samples were prepared but the

In the early stages of this inves~

results were inconclusive.



For these reasons, the technique of car-

bon extraction replication was used. The major
advantage of this technique is that the extracted
erystalline particles sit on a thin amorphous
carbon film, and particles as small as 203 can be
detected.

the precipitates are readily obtained.

diffraction patterns of
The dis-

In addition,

advantage of carbon extraction replicas lies in
the uncertainty of the efficiency of the repli-
cation process, particularly for very small par-
tieles, and the difficulty of taking a replica
be only 200

from a very narrow HAZ which mnay

300 um wide.

Experimental procedure

Carbon extraction replicas were prepared
by The HAZ,

parent plate regions, were poiished with fine

standard techniques. weld, and

alumina and eteched with 2% nital. In preliminary
experiments the.etohing time was varied from 1 s
to 30 s to test the efficiency of the replication
process. Increased etching times lead to pick-up
of a greater volume fraction of fine precipi~
tates, Fig. ITI-24., This is useful for identifi-
cation of the erystal strueture of the precipi-
tates, but gives an unrealistically high value
for the volume fraection of the precipitation and
leads to "elumping" of precipitates in the rep-
liea,

an artifact of replication. Despite these

drawbacks, a fairly long etching time of ~10 s
Although Gray
et al comment that a very light eteh is required

to extract very fine NbC (9),

was used in the rest of the work.

it was found that
particles down to 203 in size could be extracted
After etching, a thin film of ecarbon
300400 A thieck, was deposited on the surface

in a vacuum evaporator.

this way.

After carbon deposition,
all regions of the surface 'exoept the area of
interest were protected by microstop, with the
remaining exposed part of the replica being cut
into The

films were then floated off by electropolishing

suitable rectangular shapes. carbon
the underlying metal and were then collected and
washed in aleohol and aleohol-water solutions.

The samples studied are listed in Table TITI-8.
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Results

The reliability and efficiency of the
extraction process alluded to above is indicated
in Fig. III-24,

distribution of both coarse and very fine NbC

The base plates all contained a

clearly shown by dark
in Fig. III-25a.
presumably results

field electron microscopy
This bimodal size distribution .
from the processing of the
steel plate, with precipitation both in the aus-
tenite and ferrite giving a range of precipitate
This
compared with that for the HAZ of sample D 112 in

sizes. distribution in steel D should be
Fig. III-25b which shows a distribution of very
No

large NbC particles are visible in this area or

fine partieles only, i.e., JSOZ in size.
in adjacent areas of the same replica, convincing
evidence that all the NbC had gone into solution
during this thermal cycle and had reprecipitated
on cooling. This conclusion is reinforeed by ob-
servations of coarser NbC particles in some of
the lower heat input welds whiech apparentiy spent
insufficient time at the highest temperatures to
allow complete dissolution. )

With the exception of sample A, which
had no mieroalloy constituents, precipitation was
in all of the studied for the

heat -

found samples

highest inputs (At800—500°c = 160 s).

- The effect of inecreasing niobium content is shown

in Fig. III-26 for steels A-D. There appears to

be a slight decrease in average NbC particle size

Table III-8 - Samples examined for

mieroalloy precipitation

CODE 150% - A, B, C, D, E, G, H

CODE 112% - C, D, H

CODE 60% - C, D, G

N - D ~ IIT (from dilatometry studies)
D 60T, H60T (stress relieved samples)

CODE .150 7.5 kd/mm (Atgyq gngep = 160 s)
CODE 112 H.H ka/mm (Atgyn sngos = 80 )
CODE 60 2.4 kd/mm (Atgyg_sppe = 39 s)













from 0.14% to

containing 0.09% vanadium,

as the niobium varies
0.034%. Sample E 150,
had extremely fine particles with a maximum size
=404 in Fig. IIT-27.
These presumably are V (C, N), although no dif-
fraction patterns could he obtained from them as
were obtained for the NbC particles, Fig. III-26e.

For the second highest heat 1nput welds,
At800 5000¢ = 80 8) ¢, D,
H were examined. All showed examples of fine

content

which are Jjust visible

only samples and
precipitation as in Fig. III-28, the precipitates
being comparable in size with those of Fig. III-

26, Although there were some problems with these

specimens in locating the coarsest grain struc-

ture of the HAZ, this could be done by ‘examining
the replica at the lowest possible magnification,
i.e., «1500x and comparing the replica strue-
ture with that seen in the optical microscope.

The problem of locating the replica with
respect to the HAZ becomes even more acute for
Samples C60, D60 and

but the only evidence of

the lower heat input welds.
G60 were all examined,
precipitation was the relatively coarse NbC par-
ticles seen in Fig. ITI-29 for/,samples €60 and
DGO,
characteristic of those found 1n the base plate
than

The particle size and distribution are more
those expected from precipitatlon during
cooling, Fig. III-25a. Thus, it
that these are the result of incomplete dissolu-

is concluded

tion during the thermal cycle assoclated with
As the coarse grained HAZ is very‘nar-
it is not certain that the
in Fig. III-29 have

velding.
row in these samples,
particular

examples shown

come from regions that experienced the peak aus-

tenitic  temperature  (~1350°C). An  attempt
was made to see whether precipitation is possible
at this cooling rate (AtBOO—R00°C = 39 s)

by examining the highest niobium sample used in
the dilatometry work to establish the transforma-
tion characteristics of the steel as a function
of cooling rate. The whele midsection of these
samples was raised to 1320°C in 10 s and cooled
to give a cooling rate coﬁbarable to that of Code
60, Table III-8.

this report, this time of.10 s is slightly longer

As pointed out in Part II of
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than that experienced during welding, and may be
sufficient to take all the NbC particles into
An extremely fine distribution of par-
NbC

in agreement

soluftion.
ticles 1identified as

samples and,

was found in these
with this hypothesis,
no-coarse particles of NbC, Fig. III-30a.

The of this study

in the

final part vas an

evaluation of precipitation stress-re-
lieved samples DOOT and H60T.
difficult to examine because of the very narrow
HAZ.

cessful on thermally simulated samples.

These again are
The experiment would have been more suc-
Precipi-
tation was observed in both samples but varied
tremendously in density to the
The effect, which could be corroborated by
but it could
Precipita-

from one area
next.
thin film studies may be genuine,
also be an artifact of replication.
tion was apparently enhanced at ferrite boun~
daries as shown in Fig. III-31b., Electron dif-

fraction again identified this precipitate as NbC.

Discussion '

‘ The most gratifying aspect of this work
was the clear evidence of dissolution followed by
reprecipitation of NbC in the two highest heat
input welds, and the evidence of V (C,N) precipi-
tation in sample E 150. Precipitation may also
occur in the lower heat input welds, but it seems

likely that.there is 1nsuff1cient time at temper-

;atupes >1000°C when NbC may be'lexpected to pof

',example,

;transformation start temperature ‘only

. input welds. -

‘tent‘in‘sdlutien at any temperature,
Ffactors ' must ‘also play an 1mportant

into solutlon to dissolve all the NbC.

Tt

The thermodynamic dr1v1ng force for pre-_

:cipitat;oh;depends on the total MNb, C and N con-

but klnetic
-role. 3F6n_
: to f‘errite‘

for steel D, the austenite

drops from'

‘ 740°C to 700°C as the coollng time:;from 800-
.500°C decreases from - 80 ‘8. to 39 s" .but at ai
coollng rate _-O 16 s drops : drastlcally B tb

'580° As NbC precipitation is always slugglsh

‘and ‘as the rate 15" very slow in
600°¢C

1n austenlte,

ferrite at temperatures helow C, no preci-

pitation would be expected for the lowest heat

However, for a cooling time of


















39 s, NbC should be at the threshold of precipi-
tating if there is sufficient time for it to dis-
The results of the

present study do not allow a definite conclusion

solve in the parent plate.

to be reached on this point.

The inflﬁence of precipitation on the
strength and toughness of the HAZ will be dis-
cugsed in Part IV, but it is worth re-emphasizing

that the present studies indicate only the occur-
- rence or absence of fine precipitates. Unfortun-
ately, replicas provide no good information on
the volume fraction of precipitates which deter-
the
given particle size distribution.
highest heat input welds
it is wunlikely that all the available

niobium will have precipitdted as the 50% trans-

mine hardening increment expected from a
Even for the
on niobium bearing

steels,

formation temperatures are all 600°C or lower.
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PART IV: GENERAL DISCUSSION

A.G. Glover®, B.A., Graville*, J.T. McGrath#*,
A.B. Rothwell*#* and G.C. Weatherly#¥¥*

Introduction

Previous sections of this report have
dealt with the results of instrumented Charpy im-
Part I, a dilatometrie investigation
Part II,

Part III,

pact tests,
of transformation characteristies, and a
detailed metallographic examination, on
the heat-affected zones of welds in eight experi-
mental steels. The purpose of this final section
is to relate the observed variations in toughness
to transformation behaviour and microstructure;
in particular, the evidence pertaining to the
role of microalloy carbide or carbo-nitride pre-~
cipitations will be examined in some detail as
this point remains controversial (1). The signi-
ficance of the dilatometric results will first be
considered. Variations of weld HAZ hardness and
toughness, and the effect of stress relief heat-
treatment will then be discussed together with

relevant microstructural observations.

Discussion
Dilatometry
Before considering the significance of
the dilatometric results, it is necessary to show
that the technique allows a sufficiently close
reproduction of HAZ microstructures at equivalent
conclusions are to be

cooling rates if wvalid

drawn. There are a number of factors it is not
possible to take into account when attempting to
determine the transformation characteristics of
weld HAZs

Firstly,

using  conventional dilatometers.,
the limited programming capabilities of
such instruments will not reproduce an exact sim-
of weld

natural or forced gas-cooling is used to produce

ulation thermal cycles. Typically,
fast cooling rates, whereas linear cooling is the
only option available at slower cooling rates.

Neither of these cooling modes exactly match the

*Canadian Welding Development Institute

*%*Noranda Research Centre

#%%Dept., Oof Metallurgy & Material Sciences,
versity of Toronto.

Uni-

temperature-time profile of any region of a real
weld. In addition,

temperature control,

such are the limitations of
that peak temperatures close
to the melting point are not normally possible in
the dilatometer because of the dangers of over-
shoot and specimen melting. As the peak temper-
ature achieved and total time above the micro-
alloy carbide solution temperature may have im-
portant effects on the extent of precipitate dis-
solution, these differences may be significant.
In addition, there are geometrical factors which

must, in principle, be considered. Whereas a

dilatometer specimen is assumed to be at a un-
iform temperature throughout the thermal ecycle,
any point in the weld HAZ is always in contact
with regions at higher and lower temperatures.
Particularly at low heat inputs, when the HAZ may
be extremely narrow and the instantaneous temper-
ature gradient correspondingly steep, high-tem~
perature grain growth behaviour may be affected.
It is also important to remember that transforma-
tion does not occur simultaneously throughout the
HAZ, effects of the

and possible surrounding

regions on transformation at any given point
should be borne in mind.

Despite these difficulties, the results
of this and previous investigations suggest that
dilatometric techniques do give a reasonable in-
dication of the transformation characteristics of
real weld HAZs, and the compromise peak tempera-

ture, in this case, 1320°C and cooling condi-

tions do lead to microstructures very similar to
Fig. IV~1
weld

With-

those in real welds. To illustrate,

shows a sequence of wmicrographs from both

HAZs and dilatometer samples for steel B.
out prior knowledge, it is difficult to distin-

guish the real welds from the simulated micro-

structures.









The variation of hardness with composi-

tion and cooling conditions tends to reflect
mieroalloy carbide dissolution and re-precipita-
well
viour. In Part II,
that the

trends to those ohserved in the welds,

tion as as general transformation beha-

Fig. IT-28 and II-29
follow

show

dilatometer results similar

though at
Hence, it is

somewhat lower hardness levels.

that the
measured in the coarse-grained HAZ is commonly 20
to 30 HN below
this

worth noting average macrohardness

the highest value. The figures

obtained in work .are a '"mean maximum",
the of the
readings from a number of sections of a

weld.

i.e., average highest individual

given

The var'iatioﬁ of hardness with cooling
conditions in each steel may be examined for con-
sistency with the hypothesis of a precipitation-
hardening r'eaotj.on. In this respect, dilatomet-
ric results are particularly valuable because of
the

provides.

close metallurgical control the

The

technique

foregoing considerations suggest

that any deductions made on the strength of dila-
tometric

the HAZs

results may by extension be applied to
of welds. Figure IV-2 shows the varia-
tion of hardness with 50% transformation tempera-
ture for each steel. This method of presenting
the results is based on the assumption that to a
first approximation, for this group of steels,
austenite transformation at a given temperature
thus, to

hardness falls

leads to similar miecrostructures and,
In steel A,
steadily with increasing transformation tempera-
C and D,

to run parallel to that for steel A up to a tem~

similar hardnesses.

ture. For steels B, the curves appear
perature in the range of 520-540°C, after which
hardness falls less rapidly in these niobium con=-
taining steels. 1In steels B and C, there is some
evidence of a return to a steeper slope at high
Steels E, F,
although the

hardnesses of steels E and F do not appear to

transformation temperatures.

H show broadly similar behaviour,

differ significantly from that of steel A at the

lowest transformation temperatures. If these

G and
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HARDNESS, HVg

results are replotted as the difference in hard-

ness at a given transformation temperature bhet-

ween the micro-alloyed steels and steel A, the

curves of Fig. TV-3 are obtained. Although some
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Fig. IV-2a ~ Hardness of dilatometer samples as a

funetion of 50% transformation temperature,
steels A-D. ’
350 | | | |
N
N\, A STEEL E
N A STEEL
300 |- \\ ) 0O STEEL 6 -
I N W STEEL H
T
2
w 250
P
o
@
<
x
200 |—
180 - l I | I ]
400 450 500 550 600 650

50% TRANSFORMATION TEMPERATURE, °C

Fig. IV-2b - Hardness of dilatometer samples as a
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steels E-H.
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Fig. IV-3 - Hardness increment due to micro-

alloying additions as a function of 50% transfor-

mation temperature.

are irregular,
of

some

the form of these curves is sug-
gestive
with

precipitation hnardening behaviour,

steels showing indications of peak
hardening at temperatures in the range of 560-
590°C.

maximum in microalloy carbide precipitation.

This 1is for a
It

that the curves

a very reasonable range
must be borne in mind, however,
of Fig. IV-2 and IV-3 are not a simple reflection
of the effect of temperature on hardening as, for
each steel, a change in transformation tempera-

ture is brought about by a change in cooling

rate. Both time and temperature are thus invol=-
ved. However, attempts to take this factor into
account, for example, by the use of a time-tem-

perature parameter of the Holloman-Jaffe type,
are not particularly successful. The reason for
this is that the thermodynamics and

the precipitation reaction in austenite are very

kineties of

different from those in ferrite.

For all practical purposes, precipita-
tion of microalloy carbides is not expected to
occur in undeformed austenite during continuous
cooling. The precipitation reaction will thus be

confined at any temperature to that portion of
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the sample which has already transformed or is

currently transforming. The interactions between

cooling conditions, transformation, and

precipitation are thus too complex for any simple

formalism to account for all variations in hard-

ness. All that can be said is that the dif-
ferences in hardness between steel A and the
microalloyed steels at transformation tempera-

tures above +530°C can plausibly be accounted

for by reprecipitation of alloy carbides dis-
solved during the high-temperature portion of the
thermal cycle. The differences which persist at

lower transformation temperatures could con-

ceivably be due to precipitate dispersions which
survive the rapid thermal cycles. The short
times available at high temperature shown in Part
1T, The fact that

steels E and F, containing only the readily sol-

lend force to this argument.

uble vanadium carbide or a vanadium rich mixed

carbide, show no hardness inerement, is not in-
consistent with the hypothesis of reprecipitation.
Fig. IV-1

with 50% transformation temperature

Finally, shows the variation
of hardness
for the weld HAZs, the transformation tempera-
tures being taken from the CCT diagrams in Part
11, The
hardness variations are clearly broadly similar
to those in FPFig. IV-2, although,

tedly, there are greater irregularities in these

using the measured weld cooling times.

not unexpec-

curves. Here too, the observed hardness varia-
tions are consistent with the dissolution and re-
precipitation of microalloy carbides during ther-
mal cycles characterized by 50% transformation
w330°C. In the

variations of hardness with cooling rate of both

temperatures above general,

welds and dilatometer samples provide strong,
albeit circumstantial support for the hypothesis
of hardening due to the precipitation of micro-
alloy carbides during the cooling portion of the

slower thermal cycles.

Toughness, hardness and microstructure in

as-welded and stress-relieved HAZs
of the

toughness changes associated with stress reliev-

Closer analysis hardness and

ing will allow further conclusions to be drawn
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the role of microstructure in deter-
In Part III of this report,

concerning
mining toughness.
some of the hardness results referred to measure-
ments using a Vickers machine with a 10-kg load,
while others were made on a microhardness tester
with a 200-g load.

00— -

For consistency and to allow .
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Fig. IV-Ub - Hardness of weld HAZ as a function
of 50% transformation temperature, steels E-H.

more detailed analysis of the results, Cfurther
using the microhardness
welded

The results are

tests were carried out

tester on stress relieved welds and as
samples of the 2.4 kJ/mm set.
given in Fig. IV~5 and IV-6, where hardness tra-

verses are shown for the four steels A, C, F and

B [

HAZ
STEEL A STEEL C STEEL F STEEL G
12 {510°%) 12 12 12
M HAZ ’
= 200 —
100 ! | L I [ l l L | L | ! ! ! 1
00— 1 2 o 3 . 1 2 3 . ] 2 3 . 1 2 3
STEEL A STEEL € ‘STEEL F STEEL 6
13 675°C 3 13 13
= 200 WH HAZ : _ - - -
| 1 l ] | 1 I | I ] ] ] ] L1
00
! 1 2 - 3 ’ 1 2 3 1 2 3 T 2 3
mm mn mm mm
Fig. IV-5 - Microhardness .results (200 g) for four steels after

stress relief at 510°C and 675°C




85

STEEL A STEEL B STEEL € STEEL D
100 - = -
W HAZ W HAZ
WM HAZ
= 200 - - »
Wi HAZ
| ] | | | | 1 ] | ] 1 1 ] |
1005 7 3 ] 73 1 I3 3
. — _ —
00— STEEL E | STEEL F | STEEL G B STEEL H
W HAZ
= 200 = _ B
il HAZ
Wh HAZ M HAZ
100 ] | l | ] L1 I | ! I 1 ] 1
0 1 2 3 1 2 3 3 1 2 3
mm mm mm mm
Fig. IV-6 - Microhardness (200 g) results for all steels in the as-
welded condition for the 2.4 kdJ/mm heat input at cooling time
(800°C - 500°C) of 39 s
G, stress-relieved at temperatures T2 and T3 thus shows the increase of transition temperature
(nominally 510 and 675°C, rvespectively), after and hardness due to alloying.

welding at a heat input of 2.4 kJ/mm.
Iv-7,
hardness against stress relief temperature.
the
slightly with increasing temperature, in both HAZ
C, F and G,

where hardness results for three stress-relief

In Fig.
the results are replotted as waximum HAZ
For
unalloyed A steel, the hardness decreases

and parent material. In steels,

temperatures were available,
ness is noted at T1, 620°C.

a peak in the hard-
the HAZ hardness is
considerably higher that in steel A after stress
relief.

In all steels,

To determine the relation between shift
of transition temperature and change of hardness,
In the first, the

transition temperature of steel A is subtracted

two types of plots were made.

from that of the other steels and plotted against
the HAZ hardness less that of steel A. The plot

Results are shown in Fig. IV-8 for both
the stress relieved and as welded conditions.
The points fit a straight line quite well and the
slope of 1.2°C per unit of hardness equivalent
to 1.7-2.1 MPa increase in yield strength is in
reasonable agreement with reported values of the
It is noted

that the line does not appear to pass through the

precipitation hardening vector (2).
origin, indicating that there is a component due
to alloying that shifts the transition tempera-
ture downwards without being associated with a

change in hardness. This component cannot be

identified from the data available, but may be
associated with a change in the effective bainite
In Fig. IV-9,

all welds is plotted and although there is consi-

colony size. the macrohardness of

derable scatter, it is clear that, once again,
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points are for the HAZ and open points for the parent metal. All

welds 2.4 kJ/mm heat input.

the trend is not through the origin. This empha-
sizes the non-precipitation hérdening component,
although its magnitude may vary with the energy
input during welding, as well as with steel com-
position. -

In the second type of analysis, the ef-
fects of. stress relieving are examined by sub-
tracting the as welded presults from the stress
relieved results for each steel. The transition
temperature shift is plotted against the hardness
change due to stress relief in Fig. IV-10. Al-
though
exists and the slope of the line is similar but a
little higher than that in Fig. IV-8. The line

clearly passes' through the origin and indicates

results are scattered, a clear trend

that all changes of transition temperature due to
stress relief are associated with a change in
hardness. The only méchanism which could lead to
an increase in hardness on stress relief is pre-
cipitation hardening. For .

steel A, however,

stress relief brings softening.

These results show that the change in

transition temperature due to alloying in high
energy welds and after stress-relieving results
from an increase in the HAZ hardness, precipita-
tion hardening being the p’r"incipal mechanism in-
volved. 1In the as welded condition, even with
quite high energy welds, only a small part of the
full precipitation hardening potential available
in the niobium steels is revealed, whereas iar'ge
result from stress

increases in hardness can

relieving. The niobium free vanadium steel E, on
the other hand',' appears to show no significant
increase in precipitation strengthening on stress
relief; and no deterioration in toughness occurs.

The effects of alloying are further il-
lustrated in Fig. IV-11, where the difference be-
tween the HAZ hardness of the seven alloy steels
aifxd steel A is‘plotted against cooling time for
For steels B to F, the

difference increases with longer cooling times,

the as welded samples.

as more time is available for precipitation.
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The hardness data in Fig. IV-~11 reflect
the combined contributions to hardness of aus-
tenite transformation as
Thus,

than for corresponding data

well as carbide/nitride
precipitation. the AHN values are gen-
erally higher in
Fig. IV-4, where to a first approximation, trans-
formation effects have been eliminated. For ex-

ample, as was shown in Fig. II-27, Part II, nio-
bium suppresses the transformation temperature at
longer cooling times and, in this way results in
increased hardness. The effect iz evident in
Fig. IV-11. with

denum in steels G and H, the increase in hardness

Again, the addition of molyb-
remains roughly constant at all cooling times.
This simply reflects the effect of molybdenum on
As the

hardenability at short cooling times.

against hardness increase in stress-relieved hardenability decreases at longer cooling times,
welds relative %o as-welded values; 2.4 kJ/mm its effect on hardness is replaced by precipita-
welds and microhardness (200 g) values. tion hardening.
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function of cooling time between 800°C -~ 500°C.



Summary of microstructural effects

The combination of chemical composition
and thermal cycle can interact in a number of
ways to influence microstructure, strength, and
toughness. Eor example, the importance of grain
size is well %nown. In structures consisting of

packets of parallel 1laths, however, the micro-
structural features must be chosen appropriately,
as the effective grain size for strength is dif-
ferent from that for toughness (2). Yield
“strength increases with decreasing distance be-
tween lath boundaries, but these low angle boun-
daries are not effective obstacles to fracture
(3), and hence, toughness can only be improved by
decreasing the size of the packets or colonies.
This leads to two conclusions of significance for
weld HAZs.

mally only result from a refinement in austenite

A refinement in colony size will nor-

grain size, which in turn depends primarily on
the thermal cyele,

perature regime as explained in Part III. Low
heat inputs, leading to short times at high tem-
perature and, perhaps equally important, steep
thermal gradients close to the fusion boundary,
will lead to a finer austenite grain size. Under
some conditions, the presence of microalloy car=-
bide or carbonitride could

precipitates con~

ceivably exercise restraint on austenite grain
size.- No significant differences were noted in
Part

ITT, Table iII, but dispersions of particies are

the present work at constant cooling rate,
known to be achievable, in steels
and worthwhile

improvements in toughness result (4).

for example,

containing titanium and nitrogen,

By contrast, a decrease in lath =size

with no change in packet size, which will nor-
mally result from decreasing transformation tem-
should 1lead to a

perature, deterioration in

toughness, as it will raise the yield strength

without increasing the resistance to fracture.
Dislocation density will generally in-
crease with decreasing transformation tempera-

ture, for example as a result of increasing

cooling rate or hardenability, and this will lead

to an increase in strength and  concomitant de-

particularly in the high-tem-'

a0

crease in toughness. The‘toughness/strength vec=

tor for -dislocations has been
0.25-0.4°C/MPa,

for precipitation strengthening (2,5).

estimgted as
i.e., of the same order as that
As discussed above, hardening resulting
from the dissolution of carbides or carbo-nit-
rides at high temperatures, followed by reprgci—
pitation during cooling, is expected to lead to a
According ﬁo the

deterioration in toughness.

Ashby-Orowan formalism, a decrease in average
particle size, or an increase in volume fraction
will 1lead ¢to

A rapid thermal

precipitated, an increase 1in
strength (2).

allow sufficient time for dissolution at high

cyecle may not
temperaturé, and, as brecipitation in undeformed
austenite under continuous cooling conditions is

the associated 1low
should

tendency toward precipitation.

expected to be negligible,
transformation temperature suppress any
Slower thermal
cycles, leading to higher transformation tempera-
tures, will allow more complete solution and pre-
cipitation, sizes may ulti-

although particle

mately become coarse. Stress relief heat treat-
ment in the range of 500 to 700°C will gener-
ally lead to the precipitation of whatever micro-
alloy remains in solution with a reéulting incre-
ment in hardening. As regards the quantitative
aspects, the following calculations, based on the
Ashby-Orowan equation, may be of interest.
Hardngsg increments 'owing to microalloy
precipitation in the as welded state were about
30-40 HV.

crement is about 50-65 MPa, and the accompanying

The corresponding yield strength in-
deterioration in impact transition
around 25-30°C. The volume fraction of 0.025
wt % niobium as 5 nm NbC particles is «0.00028
which would be sufficient to account for hardness

temperature

and strength increases of this order. Complete
precipitation of 0.14 wt % niobium as 5 ym preci-
pitates, as could oceur during étress relieving,
would give an increase in yield étrength of
120 MPa and a deterioration in transition tem-
of - #60°C.  Clearly, the

the experiméntal work and these foregoing esti-

perature results of

mates are consistent although it is not suggested




than an exact numerical match should exist {(1).

Apart from precipitation, low-carbon

martensite formed at fast cooling rates is

generally held to be intrinsically tougher than

the bainitic structurss which follow intermediate

cooling rates. Presumably, one reason is the
elimination of coarse, brittle, lath-boundary
carbides or martensite-austenite (M=A) aggre-~

gates, although fast thermal cycles also usually
reduce austenite grain size. The replacement of

bainitic structures by more randomly oriented
ferrite at the longest cooling times would be ex-
pected to improve toughness, but this in turn may
be offset by coarse austenite grain size and en-
hanced precipitation hardening.

Figure IV-12

the way in which the principal mierostructural

illustrates schematically

effects can combine to determine toughness. Evi-
dently, with practical alloy systems, the outcome

of a particular thermal history depends sensi-

tively on the balance achieved between these
several factors.
General conclusions

1. For thermal cycles giving cooling

times 800 to 500°C of 40 or less, toughness is

— ——
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STRESS RELIEF
e ~~
PRECIPITATION

DECREASING
% BAINITE

‘\
DECREASING
LATH WIDTH,
INCREASING

DISLN. DENSITY

MICRDSTRUCTURE
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% MARTENSITE yes.

WiD. & POLYG. FERRITE
—————

TRANSITION TEMPERATURE ——»

BAINITE

LOW-C MARTENSITE

HEAT INPUT —»

Fig. IV-12 ~ Schematic illustration of effects of

microstructural parameters on HAZ toughness.
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not expected to suffer unduly when making single-
pass welds in microalloy steels of commonly adop-
ted compositions. This cooling time corresponds
to a heat-input of 2.4 kJ/mm on a ~12 mm plate.
With plate of 50 mm thickness, a heat input
greater than 8 kJ/mm would be needed to exceed
this limit.

2. The observed toughness is a compli-
cated function of many microstructural variables
but, in the range of cooling times >40s, precipi-
tation hardening due to microalloy carbides or
nitrides does contribute to a deterioration in
toughness. The effect appears to be small in the
as-welded condition, but with niobium steels, it
becomes serious on stress relief.

3. The effects of austenite transforma-
tion are superimposed on the effects of precipi-
tation, and the result is a complex variation in
toughness with thermal cycle. The apparent con-
tradictions in the literature are thus not sur-
prising, and every effort must be made to assure
comparability of base composition, welding con-
ditions and test technique when attempting to

predict the effects of microalloy elements on

toughness. However, the effect of multiple pass
welding remains to be clarifed, although existing
results suggest that, in typical microalloy com-
positions, toughness will be at least as good as
that achieved in single pass welds wmade under

similar cooling conditions (6,7).
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APPENDIX A

INSTRUMENTED IMPACT TRANSITION CURVES

This appendix contains the individual
transition curves for the eight experimental
steels welded with five levels of heat input and
also the sixteen curves pertaining to the stress-
relieved condition, All experimental details

will be found in Part I of this report.

Key
O Yield load
[ Fracture load

®1 Maximum load

O Brittle crack extension, no load insta-
bility

t Minimum temperature for fully ductile
initiation

Nominal stress relief temperatures: T1 620°C
T2 510°C
T3 675°C
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