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- . ABSTRACT

THE -PHYSICAL METALLURGY OF

THE WELD HEAT-AFFECTED-ZONE IN STEELS
Brian A. Graville

The_metallurgy_of the heét—aﬁfected—zone (HAZ) is reviewed with
pdrticuiér emphasis on modern high strengéh low alloy {microalloyed)

Steels. The development of modern steei; is briefly ;evfewad and

. e v F .
the role of microalloy additions, such as niobium, 1s highlighred.

Tﬁermalgconditions'in the HAZ are described in termg of classigal
hea£ flow'theo;y‘and the effect on.gfainlgrowth is reviewed.
Precipitation phenomena are discuségd.d in m??t céses cooling rates
are too répid for e;tensivé'precipitatioh, aitﬂough it can occuir
with high energﬁ wélding_procegses Qr.afkerra‘post—weld heat tréath
ment. Precipitétion hardening can lead to a decrease in_toﬁghnes;,
but é;E-removal af'nitrogen from solid solution can have é Heneficidl

LY

effect. ‘ - | o

Recent studies of the fracture toughness of the HAZ are reﬁiewed.and
a discussion is included of areas that require stud; in order to
improve the understanding of the physical metallurgy of the HAZ of

steels. ’
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\;-f, 1.  INTRODUCTION

is melted ang beyond this there is a heated region where temperatures
up to the melting point ate experienced. In a steel, the thermal
cycles experienced by this heat—affected—zone (HAZ) will, in most
cases, lead to changes in the. Properties of the material. These.
changes may have serious consequences, including cracking of the
HAZ, loss of toughness leading to brittile fracture or loss of
corrosion resistance It is, therefore, essential to develop the
physical metallurgy of - the HAZ so that these changes,can be
predicted and appropriate courseg‘of action taken in engineering
applications

Although many of the phenomena are understood in general terms by *
application of traditional metallurgical princlples few have a

firm quantitative basis, - For example, although the fast cooling
rates in welds are known to produce martensitic microstructures of
‘high hardness and that these effects are affected by alloy content,
models for predicting heat—affected~zone hardness are not nearly

as well developed as hardenability models are for conventional heat

treating. There is, therefore, much PTogress to be made ip develop-

. ing the quantitative metallurgy of the HAZ to provide the basis on



which welding engineers can predict HAZ properties and select weld-

’ ing procedures. - { ’

This report Presents a review of the more important references in
the literature on metallurgical effects in the heat—affected-zone
with particular emphasis on the fracture toughness of modern

Steels. It is appropriate to briefly describe the development of

steels. and in particular modern microalloy steels and their

related weldabilicy,

2. DEVELOPMENT OF STEELS

El

2.1. Steels and Weldabiility

The development of steels for structural Purposes has been

i influenced by two main* factors:

(a) The advent of welding as the major methed of joining
materials, and

(b) A greater understanding of the problem of brittle

fracture which assumes greater importance as struc-

‘R'b "
tures increase in size and menbers,increase in
e

.thickness. ‘ ’

—m
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Early steels relied for thelr strength on the carbon content

and a wide range of strengths could be obtained bf ut:lizing
different carbon contents. These materials were sétisfactory

for structural purposes when ;iveting and_bdlting were the

primary methods of connection but with the advent of-welding,

a prdblem of heat-affected-zone cracking arose. Furthermore,

the fracture toughnes; of the material became more important
since §trﬁctureT were then continuoqs. Thg heat-affected-zone
crackinéﬂproblem was related éo the fact that the thgrmal
cycle involved-in welding was rapid enough to cause hardening
in the heat—affecned—éone which, in the presence of hydrogen}
resulted in gross cracking. The tendency to harden»in the
heat-affected~zone increéSed with the amount of carbon. The
mech;nical properties of the weld,‘however, were generally
satisfattory. When the hard heat—affected—zoneg were avolded
the stre;gth and toughnéss of ghe heétfaffected—zone and of
the weld metal in general were superiof to the parent material.

Because the heat-affected-zone cracking problem wds the major

problem in welding steels of this type, the term "weldability"

of a sﬁeel is often taken to mean the ease with which the steel

can be welded without heat-affected-~zone cracking. The term
"ease'" may be interpreted as meaning the degree to which one
can omit the precauiions {such as level of preheat) that must

be applied\go avoid cracking. : '
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Recognition of the effect of carbon upon ''weldability™ and
fracture toughness lgd steel makers to develop steels witg
lower carpon. Initially this has beén done by addition of
alloying eiements such as manganese and silicon that contribute

to the’ strength by so0lid solution hardening and later by

increasing the hardenability of the steel such that heat

‘tréated, i.e., quenched and tempered materials, couldhbe

'developed. The development of lower carbon steels, coupled

'

with the development of low hydrogen electrodes has enabled

most of these sSteels to be readily welded without probiems,

.at least in' thin sections. Preheat is generally required only

1
»

in thicker sections and when the restraint is high. - Steel
makers now loosely describe their matérials as being "weldable."
Because quenched ané tempered materials depend for their
prépgrties on careful heat Lreatment, 1t is to be expected

that a problem may exist in welding because of the particular
thermal cyclé of the weld. In fact, loss of strength‘and_
deterioration of toughneés may occur in the heat-affected-zone
if the energy input of the weld is too -large. For this reason,
restrictions on energy input are often required when welding

quenched and tempered materials.



2.2. Micro Alloy Steels g

The demanh fog steels of 'good weldability and good low teﬁ—
perature toughnesg has prompte& the development.of new types
of steel that have generally become known as high strength
“low alloy or m;cry alloy steels.. The recognition of the Tole .
of carbon as an pndé;irable element from the point of view of
weldability and loﬁ temperature toughness, démands that -

. alternative strengthening mechanisms be found for the steel.
Except for grain refinement; all strengthening mechanisms
result in a decrease in téughness. Grain refinement, on the
other hand, results in an increase in sgrength and an

improvement in toughness, and there is general agreement that

to meet the requirements of stféngth and toughness of modern-—

day service, fine gralned steels are required.

Development in the Arctic regions of North America has under-
: lined the ﬁeed for steels of high strength with very good
toughness. For example, pipelines carrying gas requiée high
ftrength and very .good toughness at low temperatures, since
the consequences of failure would be extremely serious.
Because of the quantities of steel required for such applica-

tions, conventional low temperature materials that rely on

high levels of alloying elements, such as nickel, are



prohibitively expensive. Thﬁs miero alloy steels become an
economical alternative. Thié term is now ggnérally applied to
tpose high strength low alloy stgels that derive ﬁroperties
from the use of low levels of rcertain alloying elements that
contribuge to grain refinement or‘precipitatioﬁ hardening.
This distinguishes them from those steels that use higher
levels of alloy elements for solid solut;on hardeni;é or \
3

effecting microstructural changes by increasing hardenability. %

.

.
L

Although the effects of small additions of niobium on strength
have been known fs} a long time, it is énly in the last fifteen
years that economicall& availéble niobium has allowed full
exploitation of this element in steel: This period has been

marked by extensive research on the effects of micro alloy

‘elements. The effects of aluminium and titanium additions on

grain size in normalized steels and strengthening effects of
vanadium have also been known for a long time, but these too
have been extensively studied in recent years. Anothér
important factor in modern micro alloy steels is the use of
controlled rolling. Again, this has been practised for many
years to improve toughness, but only as a result of recent
research has it been- included as an integral part of the

metallurgical design of steels.



Work on the effect of niobiumgl) showed that with high

‘austenitizing tempefatureu (or ;onﬁentional folling), the
strengthening effect resuited mainiy from precipitation

hardening. There was no effective érain refinement. In
this condition, steels woqid show an increase in strength

with increasing niobium content but a decrease !E fracture

toughnesscz). (See Figures 1, 2 and 3:)

With lower austenitizing temperatures, .grain refinement was

the major contributor to strength. GCrain refinement would

(3)

increase strength and fracture toughness , (Figure 4).. If

the steel was rolled with a low_finisping temperature

1 ~

strength could be increased by both grain refinement and

L (4) (5)

coherent precipitation in the %errite during coolin

Normalizing a nioblium steel would resulf in grain refinement
but the coherency of any precipiéation in th;‘ferrite would
be lost and the solubility of the niobium at normmlizing
temperatures would be insufficient to produce new precipita-
‘tion on cooling. This is illustratéd;in Figure 1, where
high austenitizing temperatures are required to dissolve the
niocbium to get/;oherent precipitation in the ferrite after
cooling. At lower éémperatures any precipitation in the

austenite would result in a non-coherent dispersion and have

only limited strengthening ability. Vanadium, however, has

[
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been shownga) to givg significant strengthening through

Precipitation as'well as grain refinement in a normalized
& et

steel. This results from the greater, solubility at

' normalizing temperatureé that allows reprecipitation on

cooling.

Based on this appreciation of precipitation hardening and
grain refinement, commercial steels were developed(ﬁ) and
Duckworth et 31(7) showed that low carbon steels with high
yield and a low impact tranéition temperature couid be
produced. The importance of a low finishing temperature in
;olliﬁg and sufficient draught in the final pass was
demonstrated. Based.on this work, attempts at commercial
production of these "Pearlite Reduced" steeié ;ere made.

The first serious evaluation of the welding behaviour of

these steels was carfiéd_out at the British Welding Research

Association (now The Welding Institute) and will be described

later.

.

Aluminium has been. used for many years as a graih refiner in
nérmalized steels(a). During reheat treatment, particles of
aluminium nit?ide\Bin grain boundaries and retard grain

growth. ‘At temperatures above 1000°c, however, the aluminium

nitride dissolves and grain coarseningroccurs. Reprecipitation
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is sluggish until transformation occurs {(Figure 5) and in
normal rolling, therefore, aluminium.is ineffective lm
producing frain refinement(s). Attempts have been made,
notably in Japan(la), to produce grain refinement in rolled
aluminium steels. High nitrogen‘contents are used to
increase the dissolkt&en temperature and lower (about
1150°C) reheating temperatures for rolling are used tsee
Figures 6 and 7).

Titanium also acts as a grain tefiner but its action is more
complex. It dlso forms carbides (or carbonitrides) and the
control of prec&pitate size is moreldifficﬁlt.. There hae.
been renew® iﬁterest in titanium in recent years and its

possible effect in the heat-affected-zone of welds is

discussed in a later section.

The disadvantage of alumipium and titanium is their high
affieity for oxygen, which maﬁes them.eseful only in'fully
killed steels. Niobium and vanadium, on the other haed, can
be beneficial in semi-killed steels. A further advaetage oﬁ
niobium over the other grain refining elements is that it

retards austenite reecrystallization more than the others and

"this propert? makes it particularly useful in controlled

rolling.
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(10)

By 1970, it was possible for Irvine et al to summarize

" the factors wh{ch will give éhe best properties. The most
important factor was to obtain a small austenitic grain size. .‘
At least 507 deformaticn was‘fequired in the lowérvtempera— )
ture region where ré—crystallizat{on and grain_growth were
restricted, although deformation should cease before
transformation to ferrite. Thé carbon content should be as

low as possible to restrict the pearlite content which has an
o

adverse effect on toughness.

The steels described to this peint derive their good properties
from a fine ferrite grain size which‘is a legacy fr;m the fine
austen;te grain size. The second factoxr which controls éhe\\\
grain size of the final product is, of course, the transforma:
tion témperature (Fiéure’B) and depressibn of the-transformétion
bj suitable alloying may further reduce the grain size (%igure
9). With increased alloying,transformation to other-tQpes of
products (bainite,-mar?ensi;e) may OCcur.

In ferritic steels-w;th low canon, it was early appreciafed
that ﬁanganese should be aséhigh as possible without forming

bainite to depress the transformaﬁion temperature and levels

of up to 2% (in low carbon steels) have been proposed.
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Pickering(lg) haé recently reviewed bainitic steq&g in which
molybdenum'and bﬁron have beén used. Early steels of this
ﬁype did not have excellent toughness because of difficulty
of maiﬁtaining low carbon and because controlled processing
was stlll in its infancy. Recently, there has been-much
interest in steels with acicular ferrite microstructures
.where very good toughness levels have been achieved. To form
an acicular ferrite, sufficient alloying is necessary to
QEpress the tfansformation témpérature and low carbon must be
maintained. In some cases accelerated cooling has been used

(13)(17) 4

to depress the transformation

THERMAL CONDITIONS IN THE HEAT-AFFECTED-ZONE

l

) [ . .
A study of the physical metallurgy of the heat-affected-zone requires

an understanding of the thermal conditions existing there. Despite
the Qmportance of this, relatively few_de£aileé experiments have
been carried out to study temperature distributionﬁ. Precise
theoretical calculations are lacking, although Tecent numerical

methods are promisingcgl). “0f most significance in the HAZ is the

peak temperature reached-and the cooliiig rate, since these, to a

large extent, control the microstructure. However, the retention
times (i.e., time above a given temperature) and the temperature

gradients may-aléo be important in controlling metallurgical



phenoména. In this brief discussion the aspects of point source

N\
+heory relevant to the HAZ are initially presented.

3.1. Point Source Theory

Welding can be approximately represented by a point source

I

moving on the surface of a platg.l For thick plate, the °
T

problem becomes three dimensiona} (Figure 10). For thin
plate, a line source through the thickness of the plate is
assumed, thﬁs being eﬁuivaient tola_two dimensional prpblem
(Figure 11). TFor thick plate, the temperature distribution

" becomes:
a | ‘ . !
T - Tg = —Q—Zﬂk . T exp -Av(r+gf) (1

where the terms are defined at the end of the report. For
\ . '

2-D (thin plate):

. .
-

- T - T, = ﬁk—g exp (-AvE) Kg(Avr) - (2)
B

The equations can he differentiated to give the cooling rates
. . B
on the weld centreline. TFor thick plate conditions {3-D heat -

o flow): - _ . _ ' B
‘ ' R 2 -

and for .thin plate (Zhat flow):

-
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aT 2TkpCgv 3
- ——EL—Q (T < To) )

Since the physica%\conétants {(k, A) are assumed to be indepen-
dent of temperaturé) discrepancies will arise due to the
variétion of the real values with temperature. This has led

a number of investigators to take the theoretical form of thg

cooling rate equations and determine the constants egpirically.

For example, Graville(zz) writes the thick plate cooling rate
as

T _ (T - Tg)? 5

3t Bap E (5)

where the empirical constant Bjp was determined as a function
of temperature and is shown in Figure 12. This enables
cooling rates to be determined from simple graphs. Graphs

for cooling rates in submerged-arc bead-on-plate welds are

shown In Figures 13 and 14. At high energy inputs and thin

. plates,iheat loss by surface transfer becomes significant and

this is reflected in the shape of the curves for these

conditions in the graph.

A Several temperatures have been suggested at which the cogling

rate should be measured. It is now generally agreed that if
transformation is of interest, then a temperature (ot

temperature range) close to that at which transformation
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occurs is most suitable. Thus, for gemeral use, cooling rate
at 540°C or cooling time 80d—500°c is applicable, If hydrogen
cracking 1s of interest, hydrogen diffusion. is important and
the cqqling rate in the lower temperature range (e.g., jOO-

100°C) becomes a useful parameter.

a3

The temperature at .which to measure cooling rate has been

correlated with hardness for a partiéular steel(23)

~and it waé
found that foryhardness up to' 375 Hy, a temperature between
400-500°C was the most accurate, but'for hardnesses above
this, where the HAZ was largely martensitic, the temperatute
dropped to about 300°cC.

The cooling rates given refer to the weld cooling rate. Few

accurate measurements in the HAZ,have been made, largely

A
~r

because of experimental difficulties. From theoretical con-
siderations, it ﬁay be shown that the cooling rate-during
transformation (below 700°C) in the region that éxcgeded about.
900°C (i.e., the transformed region) will be approximately
the same as the centre of the weld. TFor practical purposes,
therefore, a single weld cooling rate measured on the weld

centreline may be used to characterize. the entire weld that

exceeds about 900°C.
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Point source theory is quite useful at distances away from
the source, i.e., at lower temperatures, but is inaccurate
close to the arc at high tefmperatures. One problem 1is "that
it does not take account of melting. The distributed heat
source in a real arc may aiéo re;ult in a fusion boundary
which is not semi~circular (3-D) or linear (2-D) as expected
from point source theory. Although the theory may be useful.
for estimating the width of the heat-affected-zone, it does
not accurately give the‘temperaturé distribution close to the
fusion boundary. For example, measured temperature histories
in the concave region (see Figure 19) of the fusion boundary

of a gas shielded weld show a double peak (Figure 15).

Pdak temperatures may readily be determined from the theory.
For the two dimensicnal case, the results are presented in
Figure 16. The width of HAZ between two isotherms (say the

melting temperature and some other) is approximately given

for the 2-D case by:

- C ' 1 1
-X = -1 - —_—— 6)
Ym ‘Ar‘ck_g/ﬁ)”“[(ezm) /n2 (Ozmax)l/nzj ‘
whére nz is an index close to unity. Thus, the width of the
HAZ in the 2~D case is approximately propértional to the heat

inﬁ - For the 3-D case, the results are given in Figure 17.

The distance from the point source is b = AT ¥ 22 and is the
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radius in the Y, z plane. The width of the heat-affected-zone

is similarlj given by:

. _ __ Comnst. . 1 _ 1 . v
bm - b = lv(k/le)I/n3 (Oam)1/n3 (Gamax)lln3 ( ?

where ny = 1.70 and the width varies in a more complex manner
with heatiinput. It is of interest to note that in the case
of 2-D heat flow, the width of the HAZ depends on the heat
input H =’Q/v only and not on welding speed separately. In

t
the 3-D case, however, the width of HAZ will depend on the .-

heaé input and the welding speed.

In real welds the fusion boundary is not usually semi-circular

Yy
and these equations will not be very accurate. In the concave

,reglon, the HAZ 1s wider and the temperature gradient less

steep than in the convex region. .

Grain Coarsening’

When steels are welded, a region of the HAZ wiil transform to
austenite and grain growth can occur. It is well-known that

the extent of grain growth depends on the energy input of the

welding process and typical results are showd in Figure 18,

In very high heat input welds (such as electroslag), the

austenite grains canigrow to their equivalent isothermal size.
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This 1s the grain size that would be quickly attaine¥ in a
specimen uniformly heated to the same temperature. It might
be expected, thereforé, that the grain size in very high |
energy weldg is independent of the energy input. In 1owe?
energy welds, the grain'size may be_pontrolled by the reten-
"“'“tion time and the temperature gradient 1n the HAZ. The laﬁter
is an important effect since it means that fusion boundary
contourfcén influence grain size. In reglons where the
boundary is concave; a considerably larger grain than‘at
.convex regions may result (Figure 19). The width of HAZ and,
therefore, the temperétﬁre gradient will also bé influenced by
whether the mode of heat transf%r is two or three dimensional.
Thus, for the same energy input, a smaller temperature
gradient and larger grain size may be anticipated for thin
material (2-D) as opposed to thick material. This effect may
be siénificant i1f HAZ toughness considerations dictate the )
need for energy inp;t limitations.

- -

There have only been a few attempts to establish a quantitative

. (25)

model for grain grpwth in the HAZ. Maynier et’'al have

assumed that the effect of austenitizing can be related to al
parameter which depends on the peak temperature and the

retention time

~1 ~

‘ 1 nR t :
= — o — —_— 8
P (T AH log to) (8)

e o E e —eem
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Where: T

oH

nR

I

temperature %K
= time

= time unit

]

= constants

'actrvation energy (110 kcals/mole for grain growth)

This parameter has been useful for comparing Continuous Cool-

temperature dlffered

Schmidtmann and Rippel(zﬁ)

used this

" ing Transformation (ccm) curves where the peak austenitizing

pParameter to relate to the austenitic grain\size in simulated

.Specimens.

Results are shown in Figure 20.

does not take account of the precise thermal cycle or the

teﬁperature gradient in the HAZ and although 1

for simulated specimens,

yet ro be

{

demonstrated.

Ikawa, Shin and Oshiga(ZE)

thermal cycles representing welding.

its usefulness f

o

real HAZ's has

Such a parameter

ppears useful

-

studied grain growth in nickel during

amount of grain growth during a thermal eyele could be

amount of growth during"each_isothermal step.

'given by:

i-1
(Di_l)a = ko I
e=]

Bte exp (- —9-—> + (D) ®

They found that the

predicted by dividing the cycle into steps and summing the

(9}

Grain size was



+

Where: Dy_; = grain size at Ty (°%) during thermal cycle(Din mm.)}
) Do = initial grain size : . -
té '= time (min.) at T

. a,ky,Q = material constants (R = gas constant).

—_— , Again, such an approach assumes a uniform temperature and that

. ' . ' grain size depends solely on the thermal cycle and not the

1

temperature gradient.- Application of this to.a real HAZ has
not been demonstrated. In a real weld the growth of a grain

is resgricted by the faet that a moving grain boundary will

%

. move into a region at a different temperature. As the

. -~ -
~

temperature gradient becomes steeper the distance between two -
. s . s ) . . . - -~
given isotherms becomes smaller and decreases relatlve to the

s .

grain size that.would be achieved in a uniform temperature
field. Temperature gradient then becomes the controlling

factor as illustrated in Figure 19. .The work of Ikawa et al’

: . provides a good basis for_further work on real HAZ's and the
(,‘ —~ estéblishment of a model to predict grain size in the HAZ
' would’be a useful field of endeavour. - l///

4. HARDNESS OF THE HEAT-AFFECTED~ZONE

. This property is of great impdrtance in the welding of steels mainly
(28)

o . because of the effect on hydrogen'cracking. Early work assoclated

- . . ¢
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cracking with the formation of hard (maftensitic) microstructures
which would be highly susceptiﬁle to hydrogen embrlttlement
Cracking could be controlled by modifying the cooling rate so that
such microstructures were not formed One of the first attempts
‘to quantify the ‘hardening behaviour of the HAZ was by Stout and

co-workers(zg)

- He attempted to relate the behaviour in the HAZ to
the conventional hardeﬁability as- determined in a Jominy test. The -
cooling rate in the Jominy specimen is a function of the distance
from}the end, so by measuring this distancel the cooling rate ;o
produce a particular hardness can be found This cooling 'rate can
be related o the welding parameters or size of weld and hence
enable HAZ hardness to be controlled. The approach has not been
widely used and there are a number of reasons why accurate results
would not 5e expected. The main difference between the HAZ and the
Jominy test is the austenitizing conditions. Thé peak tempédratures

- are higher in the HAZ and this affects both grain size and

solubili;y of second phases. 1In addition, the grain size is

further influenced by the temperature gradient.

Work at BWRA (Welding Institute)(so) and elsewherecBi} has been aimed
at establishing the hardenability behafiour in the HAZ by pProducing
continuous cooling transformacion (CC?) diagrams (Figure 21).
Reéognizing the effect of peak temperature, values of about 1350064

have usually been utilized. The techniques have usually involved

‘y

\
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(32)

. dilatometry(30) although thermal analysis has also been used .

. Thes

reasonable agreement with welding behaviour is found

e diagrams have been mofe useful than rhe Jominy appro-ch and

(33)

\

Other authors(zz) have preferred to derive hardenability curves

directly from welding experiments. In this case the hardness of

the HAZ observed close to the fusion boundary where the grain

size reaches a maximum, is plotted as a function of cooling rate.

Such hardening curves are easily derived using simple methods

where the cooling rate of the weld is known (Figure 22).

There has naturally been much interest in relating the hardening

behaviour to the chemical composition of the steel and 1t is

surprising that except for some recent work(3a) the lines developed

for predicting hardenability in conventional heat treatment have

not been followed in welding. Part of the reason for this is that

the

comp

concept of carbon equivalent which is a linear model of

osition (the effect of alloys is additive) was quickly adopted

to giQe,a guide to ngeldability," i.e., resistance to cracking.

The

carbon equivalent was originally related to the martensite

start temperature and it was believed this controlled the crack

susceptibility. Later work By Cottrell

coul

(35) showed tﬁat cracking

d be related to a critical cooling rate measured at 300°C and

it was also observed that cracking occurred when a critical hard-

+
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ness was exceeded. An extensive study(36)

of HAZ cracking at the
British Welding Research Association (Welding Institute) r-sulted
in a scheme(37) for predicting welding conditions that éould not
lead to cracking., The cooiing rate atNBOOOC is contrﬁlled so that
a critical hakdness dependent on hydrogen content is not exceedea.
The critical cooling rate for this hardness could be related to
Ehe composition of the steel thfough the carbon equivalent formula.
This scheme has proved very useful although a number of problems
exist with it. The choice of 300°C for the temperature at which
to measure the cooling rate resulted in discrepancies wlien preheat
was used. Preheat would affect the cooling rate at 300°C more than

that at higher temperatures where transformation was occurring and

higher hardness than expected was therefore observed.

The carbon equivalent chosen by Bailey for this system has been in

(34)

use for many years, but a recent analysis of a large number of

hardening curves shows it to be a very good choice. There  is,
however, no fundamentdl or theoretical reason to select a linear
model. In conventional heat treating, linear models were“discarded
more than thirty years ago and replaced by product models in the

classic work of GrossmaﬁcBS). A recent attempt(BA)

Y

.to fit a produgt model to the welding data, but no improvement was

has been made

shown. Part of the difficulty lies in the difference in definition

of hardenability in the welding case (critical cooling rate for a

’



given hardness) as opposed to that conventionally used (critical

cooling rate for 50% martensite). It 1s also expected tha: the
. .

product model would be more appropriate to a wide range of alloy

contents, while most of the welding data covers only a very narrow
range of compositions. This is clearly an area for further study.

]

MICROALLOY ELEMENTS IN THE HAZ

The free energy of_formation of carbides and nitrides of the common
microalloying elements 1s shown in Figure 23. Aluminium only forms
a nitride,whereas with niobium the carbon and nitrogen are inter-
changeable over the whole r&ngé. In the case oé steels containing
more than one microalloy element there will be competition for the

nitrogen. TFor example, if the aluminium content is high, all

.nitrogen will be tied up as AIN and the addition of vanadium will

not produce many precipitates of vanadium nitride. The stability

of the precipitates can be determined (under equilibrium conditions)
from the solubility product. Since the elements are not usually
present in stoichiometric quantities, the solubility of the
precipitate will be controlled by the actual levels of the individual
elemegts. Solubility products for carbides and nitrides in
austenite are shown in Flgures 24 and 26. Solubilicy ig generally
much lower in ferrite énd the estimated solubility prqduct for

niobium carbide is shown in Figure 25. TFrom the solubility data it
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Fligure 24 : Equilibrium Solubilities of Carbides and Nitrides in

Austenite. (Ref. 20)
Note: Columbium (Cb) = Niobium {Nb).
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can be seen that for typical levels of elements used in steels,
wanadium is less likely to precipitate in austenite, but will
precipitate in ferrite. Niébium, on the other hand, can precipitate
in the austenite and is thus useful for retarding austenfte.grain
grdwth_during deformation. Precipitates formed at the‘high .
temperatures would tend to be coarse and cannot provide much
increasg in st:;ngth,.but precipitates formed in the ferrite-at
lower temperatures provide precipitation strengthening.
During welding, severai effects may occur in the HAZ related to the

precipitates. In the lower temperature regions, further precipita-

tion may-oécur if this‘%as not already complete and -af the high

! -

temperatures gsome coarsening of the preclpitates may occur. In the
N
austenitic region, where the temperature is nat sufficiently high
to dissolve the precipitates, any coherency will bé lost during the
transformation. In the high temperature part of the HAé the
Aprécipitates will dissolve. ihe fact that the grain size is the
same in the coarse grain region of a fine grained'sfeel as in a
coarse grained steel, suggests that all precipitates dissolve in
this region even in'relatively low energy welds. Some recent
wérk(39) has attempted tc produce precipitates using titanium that
are stable up to very high temperatures and .essentially prevent

the formation of a coarse grained reglon. The temperature at which

dissolution will occur will depend on the quantity of each element
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present aﬁd under equilibrium conditions may be estimated from the
solubility data (Figure 24). Under the rapid thermal cycle of the
HAZ the temperature-is expected to be higher than ip the equilibrium

case. !

Whether or not precipitates réappear on cooling 1s a questicn of
\

kinetics. For precipitation to occur, sﬁpersaturation is required

and sufficient temperature for diffusion processes. Précipitation

" is enhanced by deformation and gross deformation is absent from

the HAZ. At cooling rates experienced in welds, it ﬂs‘doubtful
whether significant precipitation occurs except perhaps.at very
slow cooling rates (for example, in electroslag welds). The HAZ
in the as-welded condition is, therefore, supersaturated and
precipitation may occur on subsequent heating. I;deed, vanadiunm

N

and niobium steels do reveal precipitation hardening during stress

relief heat treatments in the HAZ(AO).

*'- The precipiéation of aluminium nitride is fairly sluggish and even

in conventicnal rolling does not occur until below 800% {see

Figure 5). The lack of preciﬁitation of nitrides in the coarse
grain HAZ would mean that the free nitrogen could contribute to
deterioration of toughness (Figure 27%. Effective precipitation

would occur during a subsequent heat treatment for stress rellef.’



The question of the signiftcance oprtecipitation in the ﬁAZ during . I
welding 1s undet debate.,  Some investlgators claim that toughness
deterioration is due to precipitation hardening (in niobium steels)
but tonvincing evidence of the precipitates is lacking. ‘
Heat treatment of_the HAZ at a temperature of about 650°C may result
i{n a number of metallurgical changes- Considerable changes in the
dislocation substructure (recoverﬁ) may result and the 10nering of
the dislocation density may result in a drop of yield strength and
an impro;ement in toughness. 1f low temperature transformation
products, such as martensite, are present, tempering may occur
with improvement in" the toughness. As previously pointed out, the
presence of microalloy elements in supersaturated solution can
result in precipitation during subsequent heating This, in the
case of vanadium and niobilum, coﬂld iead to an increase in yield
strength-and loss of tougﬁness. Removal of free nitrogen may also
occcur and would be peneficial. ‘ T

- _ i : 1
REVIEW OF TOUGHNESS STUDIES OW THE HAZ OF MICROALLOY STE S
geveral studies of the HAZ toughness have been conducted during the
;ast decade. In an early study Aronson(hl) used simulated specii
mens to determine the effect of peak temperature on the strength

and toughnesSs in the HAZ of a steel with 0.065% C, 1.06% Mn and



0.041% Nb. Speﬁimens with a peak temperature of 1060°C (1950°F)

showed a drop in strength below that of the base material. 1In a

real weld, where such a zone would be narrow, constraint effects

would prevent the jbint as a whole showing low strength., Regions

heated to lower temperatures showed higher strength attributed to
. -~

precipitation hardeﬁing. The impact transition temperature

increased slightly in specimens heated to 730°C (1350°F) attributed

a

to precipitation of NbC. Peak temperature of 850°C (1570°F) showed

improved toughness (attributed to precipitate coarsening and fine

grain size) and specimens heated to higher temperatures showed

. deterioration in toughness attributed mainly to grain coarsening‘

i

g

(Figure %8).

(42) (43)

An extensive study by Kaae and colleagues at BWRA (Welding

Institute) of a niobium bearingllow carbon steel revealed evidehce
of HAZ softening only in very high heat input welds (electroslag)

‘and this was a phenomenon not likely to cause problems in practice.
. : - ) Al '
The HAZ toughness of manual metal arc and submerged-arc welds was

superior to that of the base material for both impact and static
tests, except that statjic tests on manual welds showed a deteriora-
tion of’ toughness. Electroslag welds notched in the ccarse grain

region showed gross deteriocration of toughness, the shift of -
transition temperature being attributed to coarse grain size and
.lowering of upper shelf energy to sulphide films. The steéls usedis

'
-
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by Kaae had 0.024% Nb, which is below levels currently popular in
microalloy steels (Figure 29).

Dolby(aa)

made a comparison between real HAZ's and simulated
specimens (Figure 30). He found the toughness essentially the
same and concluded that simulation was a useful technique for
studying HAZ toughness although yielding and l}oad at fracture

were different. This direct comparison is useful since several

other workers have used simulation techniques. Saunders(Aol

studied thé ef}ect of post-weld heat treatment on the fracture
toughness gf C-Mn and low alloy steels, usihg COD’ techniques.

Three of the steels showe& a deterioration in the coarse grain HAi.
A semi—kiiled C-Mn steel ﬂA) showed no deterioration, whereas a
higher carbon fully killed C-Mn steel did (B), Figure 31. ‘The
former produced a pearlite/bainite structure ip the HAZ, whereas’
the latter formed bainite/martensite, this latter stfucture.having
much lower toughness. Post-weld heat treatment improved the
toughness of all the steéls and appropriate cﬁoice of temperature
could restore the original parent plate properties. A higher
temperature wag requi?ed for tﬁe vanédium containing steels. .
Saunders measured the HAZ hardness and when the post-weld heat
treatment was expressed in terms of a‘Holloman—Jaffe parameter, a

marked precipitation hardening effect at 550°C was noted in the

steel containing O;OSZ vanadium (Figure 32). Saunders concluded
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that the best post-weld heat treatment to give optimum HAZ tough-

ness was that which produced a fully over—aged condition.

Dolby and Saunders(hs) reviewed several programs of testing at the
Welding Institute and determined the metallurgical factors
influencing the HAZ toughness. Almost all steels of the CTML or
low alloy type showed embrittlement. In mon-grain refined steels,
maximum embrittlement occurred in the suberitical HAZ after weld-
ing over a notch. Dypamic strain ageing was thought to play an
important role in this and in aluminium tréated C-Mn steels this
type of embrittlement was small. Depending on the composition of
the C-Mn steels, martensite could be formed in the transformed

ﬁAZ and give embrittlement. In the coarse grained-transformed
region, the presence of grain‘refining elements, such as aluminihm!
was not significant. In other regiens of the HAZ, grain refined
steels showed better toughness than those not grain refined.
Increasing energy input could improve toughness in the C-Mn steels
aé it reduced the'amount of untempered martensite, but in low alloy
steels 1lncreasing ehergy input generally caused a drop in toughness
due to increased austenitic grain size and increased amount.of
bainite.

The subecritical HAZ has received a lot of attenticn at the Welding‘

Institute because welding over a defect, whose tip coincides with
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(Figure 33).

R ;

‘the subecritical location in the HAZ, 1s a situation that arises

in the Well's wide plate test. Dolby and Saunders(&G)

fou d that
embrittlement was most severe for semi-killed steels, but less so
for those containing aluminium. Removal of nitrogen from inter-

stitial solution reduced the dynamic strain ageing capacity of

the steel.

The toughness of the HAZ of submerged-arc welds in C-Mn steels
(47)

containing Al or Nb or both was studled by Cane and Dolby
using COD techniques. Marked embrittlement in the HAZ was noted
in the grain refined steels when welded with 5 and 7 kJ/mm. Less

embrittlement was noted in a plain C-Mn steel. The lowest HAZ
toughness was recorded }n the niobium containi;g steels, although
the parent materials had similar toﬁghness. The authors explained
the effect of niobium in‘térms of its effect on the ‘microstructure.
Proeutectold ferrite was suppressed and ;ransformation to upper

bainite was promoted. The magnitude of the embrittlement is seen

in their results for the coarse grain region of a C-Mn-Nb steel

Dolby and Knott(ha) made a detailed study of martensite structures
typlcal of those that could form in the HAZ of low alloy steels.
When fracture initiated by quasi-cleavage in martensite structures,

the toughness depended 6n the prior austenite grain size (Figure
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34), the controlling factor being the martensite colony yidth (Figure
35). Toughness was lowered when upper bainite was intfod;ged into

the structure. When fracture initiated by microvoid coalescence, it
was less dependent on prior austenite grain size and depended mainly

on inclusion and carbide populaticn.

The growing use of microalloy elements, such as niobium and vanadium,
has prompted studies of the effects of these elements on the HAZ
toughness. As the foregoing stmmary indicates, there isﬂevidence

]
of a detrimental effect of niobium, particularly at high energy
(49)

inputs. Hannerz made a particular study of the effect of
niobium on thé HAZ toughness, using gimulated specimens, his spéci—
mens representing the coarse grain region of high and low energy
input welds. He showed an increase in transition temperature with
increasing niobium content for both cases (Figure 36). This trend
was also ébserved in a low carbon (0.03%) steel. As expected, thé
deterioration was worse for the slower cooling rates.- Hannerz
attributed the loss of.ductility to precipitation hardening,
although there was not clear evidence of precipitation. The same
group(so) also studied the effect of vanadium and showed a
deterloration of HAZ properties (in simulated specimens) for high
energy welds when the vanadium gxceeded about 0.10%. Low energy

v

welds were tolerant to levels of vanadium up to 0.207 without any

deterioration. Some evidence suggests that low levels of vanadium,

particularly with low carbon, may be béneficial(sz) (Figure 37).
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The popularity of niobium and other microalloys in steels for

__pipelines has stimulated studles of HAZ toughness in high energy

-

submerged-arc welds typlcal of these used for the longitudinal

(53) made tests on the HAZ of welds in

seams of welded pipes. Wada
Mn-Mo-Nb steels, using a ﬁultipass weld that produced a planar

HAZ. Charpy impact tests were used and in such a weld the total
energy recorded would result from crack propagation through a

range of microstructures. He found tﬁe lowest region of toughness
to be in the coarse grain reglon and also found a region of slight
drop In toughhess just outside the visible HAZ. Increasing niobium
or energy input lowered the toughness in the coarse gfain region,
althouéh the results éhown in Figure 38 do not have a c&nstant
base.cheqisgry. With control of these two factors, hé was able to
obtain sufficient toughness to meet the requirements of the

particular application. Sawhily(®4)(53)(56)

took CVN specimens
fgpm two-pass welds representing typical pipeline welds. These
specimens include part weld metal, part HAZ and part parent plate,
and his results show the influence of the prior treatment of the
steel (Figure'39)} Results from this test were better than from
the planar HAZ tests because of the geometry of the weld. Sawhill

and Wada(57)

found precipitation hardening by Nb (C,N) to be
significant in thé,cbarse grain reglon when reheated by subsequent

passes. This increased with increasing niobium content.
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These general effects of energy input and microalloy content have.

(58-61) -

. leen observed by several other investigators .  In many

cases the deterioration of toughness in the HAZ is not so serious
as to present a fracture risk in the intended épplication,'but

the trends indicéte.that.potential fracture problems relatgd to

HAZ toughness must be considered in fuphre_éteel design and further
applications of tﬂe steels. | .

.

The effects of various alloying elements was studied by Ito et
al(ﬁz). None of thelr steels has nioﬁium, but vanadium up to‘q.lz
was present in some. - They éaund they could relate the CVN
transition temperature of the bond region (coarse grain HAZ ciose
to the fusion boundary) to the coméosition with a lineér model.
The formula depeﬁded on whether martensites and lower bainites
were formed or whether ferritic and upper ;ainitic structures were
formed (Figures 40 and 41). In the latter égse,_gnly nickel and
molybdenum were beneficial. It is wortﬁ noting that vanadium up-
to 0.1% was not significant: Carbon was thé most detriméntal and

this is emphasized'by Miyoshi et al(63)

» who used the COD test for
assessing the HAZ (Figure 42). They féund that prior history of
the steel does not influence toughness in the coarse gréin region
but may be significant away from the fusion-boundary. Energy input

and its effect on cooling time and grain size were important. At

low energies-the toughness was independent of cooling rate. Toughness
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could be improved by promoting low carbon martensite by low energy

welds (MIG), or alloying with Mn, Mo or Ni.

1
1

Effects of alloying elements were studied by Shiga et a1(64) using
simulation techniques. The subcritical and coarse grained regions
showed deterioration of tougﬁness in the microalloyed steels
(Figure 43). They found a harmful effect of vanadium when molybde-
num was present, which was attributed to an inerease in the amount
of vanadium in solution. This is a view contrary te opinions held

by others who feel that precipitation is likely to do more harm.

Recent data on the toughness of the HAZ of niobium steels has been

published by Graville and Rothwellces).

They used an ‘instrumented
Charpy test with speciméns containing fatigue cracked notches.

' This technique avoided the uncertainties of simulation techniques,
but also enabled the crack initiation toughness at the point of
Interest in the HAZ go Le studied. Experimental steels with various
levels of niobium'were used and a range of cooling rates was
covered. The results showed that cooling rate had a far larger
effect than the niobium level. At—slow cooling rates, the toughness
decreased with increasing niobium content and at fast cooling rates

small levels of niobium were beneficial to the toughness. Results

are shown in Figure 44,
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In some recent interesting developments étteypts have been made to
restrict grain grqwth in the HAZ. Achieving this by limiting energy
input of the weld is often unattractive economically, since this
limiés the volume of weld metal added in a given time. Thei

advantages in many‘cases of using high energy has prompted the

development of steels that would resist grain growth. Some

(39)

success has been obtained using titanium nitride precipitates
of a suitable size. Titanium nitride could resist grain growth up
to 1400°cC. Experimental steels containing about 0.02%7 Ti were
found to resist grain growth and the resulting microsfructure:i;
the HAZ gave improved toughness.. The beneficial éffects of titanium
have been confirmed elsewhere(66)<67), but the developments are
relatively new and the steels are not commercially available.
Although some of the resuits given 1in the preceding section may
appear contradictory at first sight, most can be rationalized when
the precise welding conditions and steel composition are taken into
consideration. Decrease in toughness is noted when high energy .
welds are made which lead to grain coarsening in the heat-affected-
zZone, Detrimeﬁtal effects of niobilum can occur at high energy,
probably because of precipitation of carbo-nitrides. A more severe
decrease in toughneés occurs on stress rellef, presumably because

of more complete precipitation. At low energy inputs niobium can

have a beneficial effect in the lower carbon steels probably because



of 1ts effect in reducing\the amo;nt of proeutectoid grain boundary
Zerrite. Recent worﬁ shows that the influénce of composiﬁion is
far less than tha£ of cooling rate. This means that in any fine
grained steel with good toughness the heat input to the weld may
have to be lI;ited in order to retain adeqna£e properties; The
recent developments on titaqium steels, however, show that grain
growth in welding may be resisted by titanium nitrid;s of carefully

controlled-size. Such steels would allow high heat input processes

to be used without detrimental effects on properties.

SUMMARY AND CONCLUSIONS

¥

We}dability is. essential to any modern steel for strucé@ral purposes
and its meaning takes on more than simpl& resistance to cracking.
Because of the composition of modern steels, the reliance on grain
réfinement and the complex processing they recelve, the effect of
the heat éf welding becomes of vital impértance. Deterioration of
properties in the Heat-affected;zone could limit the application

of the material or severely limit the use of welding.

In this report the physical metallurgy of the heat-affected-zone
e

has been reviewed with.particular emphasis on the fracture tough-

ness of the HAZ in microalloyed steels. The following conclusions

are drawn from this review:
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(a)

(b)

(c)

(d)

- (e)

Classical heat flow theory using equations based on point source
theory, but with empirically dete%mined.constants, can quite
accurately p;edict‘cooling rates and_temperéture distributions
some distance from the weld.' The fheory is not adequate close .
to the weld, or at high temperatures where the exact distribu-
tion of the heat in the source becomes important.

-Grain growth of the austenite‘in the region close to the fusion
boundary is controlled mainly by the tempevature gradient,
except in titanium nitride steels, where precipitates may not
dissolve. No adequate modél for grain growth exists and this

would be a very useful area for further work.

The effect of composition and cooling rate on HAZ toughness 1is
complex and can only be predicted in a general sense. High
energy welds would be expected to cause a deterioration due

to grain growth. Niob%um may precipitate in a high energy
slowly cooled weld and cause forther deterioration. Vanadium‘

%

does not have a significant effect.

- -

Niobium may have a beneficial effect at low energy input due to

reduction in the amount of proeutectoid grain boundary ferrite.

In the stress-relieved condition improvements in toughness may

occur in some steels, such as those containing aluminium, due

AT
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to the removal of free nitrogen from solutioq. Stress relieving

may have ap adverse effect in some Steels, such ag those contaip-
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NOTATION

L]

The following notation-has-been used in the text where not otherwise
defined: : i

Tor © - temperature
To - initial plate temperature
Q - rate of heat input \
k_ - thermal conductivicy
p - density
C -~ specific heat’ ‘ : . .
"X - =p%2k ,
v -  velocity (welding speed)
t - time . -
o, )
£ Co- =x - vt_(moving coordinates)
r* - - =B 4 y? 4 2
. . ) : 7
Ko —. modified Besgel function of the second kind and zero order
g ~ plate thickness 1
: w : -
E - weld energy input
: .’:V . rd
- T






