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WELDABILITY AS A METALLURGICAL CONCEPT -
A DEFINITION

As a result of the heat influence to which
a steel is exposed in any form of welding, the
material undergoes certain changes, some of
which are permanent. These changes may oc-
cur as microstructure transformations during the
cycle of heating and cooling, or @s changes in
shape or dimensions due to thermal stresses.
A steel which can be welded without applica-
tion of complicated precautions to avoid dan-
gerous consequences of these changes regard-
ing the stability of the welded structure is said

to possess good weldability.?

If, for certain steels, on the other hand, a
normal welding process will imply serious dan-
ger of causing failure in a welded component
due to the changes m=ntioned »r if actual de-
fects, such as cracking, occur already during
welding or immediately after, certain precau-
tions must be taken or special pre- and/or
post-treatments carried out. Such steels are
said to possess limited weldability.!

The term "unweldable steels"” is not real-
istic. Any steel can ke welded provided cor-
rect metallurgical conditions are chosen.
Sometimes, however, these conditions may be
impossible to realize in practical production
work. The rapid heating and cooling cycles
applied to a steel by welding may be charac-
terized as a thermal shock influence or a series
of such influences on the steel. The weldabil-
ity grade can be regarded as the ability of the
steel to withstand this thermal shock attack.

The weldability concept is complex and
therefore difficult to define. Still it is one of
the commonly used metallurgical terms. It is
indeed not quite clear what is meant, in daily
talk, by a weldable steel. Moreover the word
"weldability” has a limited range of meaning
and refers only to the base metal itself and how
this will react during a welding process. Con-
sequently, there is a need for another concept
including the whole welded joint and how its
properties will influence the stability of the
welded structure. Therefore, a term like
“function stability" of welded joints is more
adeqguate and includes the weldability of the
base metal as an important and necessary but
not complete determination of the expression.?
There is a weld metal, too, in the welded joint,
the properties of which are more or less depend-
ent on the composition of the base material,

WELDABILITY AS A PROBLEM COMPLEX IN STEEL
METALLURGY

The weldability concept in the widest sense
can be almost completely covered by some main
groups of metallurgical phenomena which can be
said to have an influence on the ability of a
steel to undergo necessary welding technology
treatment. These groups refer to melting and
solidification as well asto microstructure trans-
formations, temperature-dependent mechanical
properties, corrosion and oxidation phenomena
or, in other words, to several possible changes
in physical and chemical behavior. Detrimen-
tal changes which can be expected to occur
under certain circumstances may be divided in-
to seven groups and can be summarized as
follows:

1. Llongitudinal weld cracking (solidification
cracks or "hot cracks").

2. Transversal weld cracking (shrinkage
cracks or "cooling cracks").

3. Hardening embrittlement in the weld or the
transformation zone of the steel.

4. Normal brittle behavior of the weld or the
steel below a characteristic critical tempera-
ture and under severe stress conditions, e.g.
residual welding stresses.

5. Embrittlement due to microstructure insta-
bility of the weld or the steel at low and me-~
dium temperatures.

6. Embrittlement due to microstructure insta=-
bility of the weld or the steel at high tempera-
tures.

7. Decrease of cormmosion and oxidation re-
sistance of the weld or the steel due to resid-
ual welding stresses and/or certain micro-
structure formations.

Various metallurgical phenomena may be
the cause of a defect or change in properties,
which is characteristic for each of the seven
groups, but within a certain group these phe-
nomena are rather closely connected as such.
Hence a complete weldability investigation of
a steel should be performed with regard to
these seven groups and a development of a
new steel type for welded structures should
accordingly be directed towards properties of
the steel which will not contribute to what is
mentioned under the seven groups within the

anticipated fabrication and gservice conditions.
This can easily be stated and is easily




understood but not so easily carried out. The
difficulties will appear already before the steel
has come into the ladle.

More or less covering all the seven groups
mentioned above are the mechanical properties
of the steel and how thay will change under the
influence of possible defects due to welding.

-ovided there are no defects forming sharp
notches, the yield strength of a steel will in-
crease with falling temperature and the plastic-
ity will decrease accordingly. Independently
of the testing method used, one will find that,
at certain higher temperatures, a steel will be-
have in a ductile way and at certain lower tem-
peratures in & mainly brittle way. Between
these two temperature rarges there is a transi-
tion iange within which the fracturing condi-
tions of the material may be a little more com-~
plicated.

The more severe the stress conditions are
with respect to tnaxiality the higher 1s the
temperature at which the transition range be-
tween the ductile and brittle behavior of a steel
1s 1o be found.

it will be stated (p. 14) that 1t would not be
realistic 1o axpact a welded structure to be free
rom defects in the welded joints. Such defects
will act ag moust dangerous notches, and on
eonsiderning the functian stabibity of a welded
structure, 1t is tndeed impartant to pear thig in
mind. On the ather hand, dafeets in the steel
itself which are lacalizad far away from welds
may be regarded as being af less impontance.
The {ungtion stability of a welded stquctuge
will be dstormined by the amount and_laeatian
ol defects 10 and around the welded joints, tee.
in the parts of the structure whieh ate uaderin-
{iuenes ol wolding glteszey. There are many
typas of defects i1n wolds ar adjagent t a weld,
which may % regarded a8 passible initiation
points far a brittle fracture, a fow exanples of
which are showa in Fig. 1-5.

Theee ate a great many vaious mathade by
which the tendancy of a brttle behavior of a
stoal ot cortaln tomperntilres can be determinad,
The w3t sitaple one iy the impact testing,
which iz rathar uscful peovidaed the straln ¢ate
on initiating the fracture at the notch oot of
the tost lar is mainly oormesponding with prac-
tical circumstances. Such a testing method 18
the Chatrpy V-tolch tasting, oo weoil-known to
o doscribed hote.  However, | would like 10
gquote the conclusion of an javestigation

< L WP LA e surmtme o n .

FIG. 1. X-RAY PHOTOGRAPH OF A WELD SHOW-
ING PIPE FORMATION, WHERE CHANGE OF
ELECTRODE HAS TAKEN PLACE DURING VERTICAL
MANUAL WELDING. IN CROSS-SECTION SUCH
PIPES OR SHRINKAGE CAVITIES ARE TQ BE RE-
GARDED AS MORE OR LESS PRONOUNCED HOT
CRACKS.

FIG. &¢. REPAIR WELDING WITHOUT PREBEAT-
ING OF A SURFACE DEFECT ON A HALF INCH
HIGH TENSILE STRUCTURAL STEEL PLATE. AfTER
THE WELDING THE REPAIRED SPOT HAS BELN
GROUND. A HARDENING CRACK ADJACENT vO
THE WELD HAS APPEARED IN THE MARTENSITIC
TRANSITION ZONE.

FIG. 3. X-RAY PHOTOGEAPE OF 4 LOW-ALLOY
WELD WITH TRANSVERSAL CRACKS CAUSED BY
HYDROGEN EMBRITTIEMENT OF THE PARTIALLY
MARTENSITIC WELD METAL. THIS TYPL OFWELD
DEFEICTS 18 ONE OF THE MOST DANGEROUS
REASONS FOR INITIATION OF SRITTLE PRCTUEES
IN THE BAST METAL. LVEN A SUIGHT PRESIEAT-
ING COULD HAVE PREVENTED THE PORMATION
OF SUCKH TRANSVERSAL SHRINKAGE CRACKS.
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performed by a research committee of Jernkon-
toret in Stockholm, which states the following
about what can be gained by Charpy V-notch
testing®:

"Below temperatures, corresponding to the
iower change of a Charpy V-notch curve, a
steel may be expected to behave in a brittle
manner under conditions permitting an initiation
>f ~ fracture at sufficiently high strain rate.

"At temperatures below the range mentioned
residual stresses, e.g. welding stresses, may
cause initiation and propagation of brittie frac-
tures, provided sharp notches, e.g. weld de-
fects, are present.

"Above temperatures, corresponding to the
lower change of a Charpy V-notch curve, a
steel will generally alsd in practice behave in
a ductile and crack-arresting mannsr."”

This corresponds rather well with a British
investigation of much the same type™ and the
opiaion of G. M. Boyd.®

In 1961 Dr. Gearg Vedeler® presenmted an
excellont revort 1o the Committee on Ship Stee¢l.
In this roport he states that from a practical
point of view the problem of brittle fracturesin
ships has boen solved by the prasent ragule-
tsons. He also pointed out that the main prob-
lems for the shipbuilders would today be fa-
tigue cracks in the ships.

Concerning fatigue ¢racking ha is no daulrt
right, but § canndt quite agroe with his state-
mant regarding the practical solulion of the
beittle fracture problem. Doubtlessly he is
right by saving that the now requlatians have
increased safety against beittle service {ail-
ures. § must admit, however, that go faras |
understand thaere will probably nover appesr any
fatigue orack in @ ship that will propagate Wwan
oxtent that the shig will {ail by & fetigue {rac-
ture 10 the conventional meanng. The lapor-
tance of faugue cracking in shipe o ather

welded structutes 18 fmm @y point of vigw that

they may act as extremely dangerus iniliation
points for Brittie fractures by their sharp noleh
affect in parts 9f the ship, whote severe stress
congitions occur,

In other words, if the heittle fractute job-
lom 12 zotvad from a practical point of visw ido
65t soe that {atigue cracking could e of such a
groat inportance. I they ave nat any longer

O N NTEES At 4 A T L I i

FIG. 4. UNDERBEAD CRACKING IN A MARTEN-
SITIC TRANSITION ZONE CLOSE TO THE FUSION
LINE OF A WELD IN A LOW-ALLOY STEEL. 1500%

F1G. 5. STRESS CORROKON CRACKS ADWCENT
TO A WELD IN AN UNALLOYVED ST883. THE
CRACE PATTERYN HAS APPEASYD IN THE PASTS
OF THE BASE MITAL. WHICH HAYE BEEN UNDIR
INFLUENC L OF #ESIDUAL WELDING STRESSES.

dangerous niliation peints for beittle taslures,
b0 not think that o8 a ietime of a4 shup a fs-
tgus <tack will gt time 1 oxtond 20 ¢uch a
gigtee that a revidudl shear fraciure will sedwr
due 1o overibading of the remainitg uacracked
area.




On the other hand, if brittle fracture is still
a reality, we certainly have to concentrate on
fatigue research in connection with welded
structures. Fatigue cracking in or around weld-
ed joints is probably one of our most dangerous-
defects to be considered in connection with the
function stability of a structure. I would srm-
marize my viewpoints by the following:

1. Defects in welded joints mostly occur in the
weld metal itself. Cracking in the transition
zone can be more easily overcoma.

2. The weld metals of today have normally a
very low transition temperature range with re-
gard to brittle fracture. Consequently, the risk
for initiation of a brittle fracture in such weld
defects is rather limited.

3. Weld defects, however, can easily become
the starting point for a fatigue failure, since
the fatigue strength under the influence of the
notch effect of the weld defect will be vory
rauch decreased. If a fatigue crack, starting
from a weld defect, extends i a direction
where it will reach the surrounding base metal,
there is ohviously a great risk for initiation of
a brittle fracture in the steel, the transition
temperature of which may be far higher than that
of the wald metal. This might particularly be
true with regard to the parts of the hase metal
undor influonce of welding stresses.

vodeler also says in his roport” that he
1s inclined to think that for steel with a high-
viold paint ene should have a larger mamgin to
the Lransition tomrature. and the definition of
the wansition temporature by means of a Charpy
V=na. 2h test should ba at a higher onergy than
for erdinary ship steel, Nobady could be more
willing te undorline this than § am. Some of my
owa investigations” have shown that thore is a
¢ood reason far atating thix,

{n the other hand, i case of appligation
righ-stremgth stoels W walded structures, and
in case wé sro able © defing a transition tem-
porature by, for instanos, Mmpast tosting that
has good relation 10 wactical service wondis
tantig, | ¢o aot see why we have to {ear the high
clastic stresses.

Such stresses will no doulr {orm amurd
welded fints in such steels as Vedelet rightly
points cut. It is alsy evident that residual
welding stresses tust b highir, the higher the

e

vield strength of the base metal. There is no
reason to believe, however, that welding
stresses will have another type of influence in
a high-strength steel than in an ordinary one.

Many investigators have already shown
that above the transition temperature, as we to~
day normally define it, welding stresses will
not contribute to brittle failures. In our defini-
tion of the transition temperature, as measured
by means of the Charpy V-notch test bar, we
have already included a certain margin by stat-
ing 15-20 ft lbs as a critical impact level for an
ordinary mild steel. Therefore when we have
found the critical levels corresponding to higher
vield strengths and have included a correspond-
ing margin of safety, I definitely believe in the
successful application of these new stesl types
in the welding technology.

For pressure vessels this is already a fact.
In connection with shipbuilding I personally
think that the main problem is that the modulus
of elasticity will still be the same also for the
high-strength materials. In principle the brit-
tle fracture problem will become the same what-
ever tha strength of the steel may be.

I would like to finish this part of my repor
by stating that out from my experience a seri-
ous service fatlure of a welded structure w'll
always culminate in some sort of a brittle frac-
ture, Ro matter what the foregoing reason may
have baan-~-a weld defect, a transition zone
crack, a fatigue crack, ete. Therefore, I am
nat willing to underestimate the ympartance of
studving the brittle behavior of steals for wold-
24 stryctures, in particulor tho strength of the
stea! under the influence of the sharpost pas-
sible aoteh (.0, a ratural crack) at low tem-
peraturas and uader sovere wolding strosg con-
ditions. There are moany methods t2day which
zan bo appliod 1o such stedies, ane of them
being the NC-testing.” This method was do-
veloped in 1950 for the detarmination of “the
nominal cleavige stremdth”™ of a stael sur-
ovading a weldad st Appendix Bl Recent
investigations by Peliim and co~wihrkors seom
10 have followed much the sa®e lines as W e
hasic sdeas about the fracture bohavior of steels
1n relation o e intlvence of stresses, sharp

nxtches and varying tomporatues.
MICRO-ALLOY STLELS

Pros the weldalality point of view thore is
a gap hetween plain carhon steeis and C-Mn-
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steels on one side and low~-carbon low-alloy
steels on the other. We have to find some con-
nection between these two steel groups, and
the micro-alloy steels might be what we are
looking for. 1 have already used the term
“micro-alloying element” in the title of this
paper, and therefore I think I should go straight
to the definition of this expression.

What is a micro-alloy steel? It is a steel,
the basic composition of which is simply an un-
alloyed structural steel or, in many cases, a
manganese alloy one or aven a low-alloy one,
to which a small amount of an alloying element
has been added--this elemen: having a very
strong and sometimes remarkable effect on one
or several of the steel properties. On the
whole, however, the steel is still character-
ized by its basic composition as to its general
behavior. The amount of micro-alloying ele-
ments to be added is one or two powers of ten
less than would have beea the case for an al-
loying element in the conventional meaning.

Micro-alloy steels have been used for
quite a time., I am thinking of the aluminum-
treated steels, in which aluminum certainly
does act as a micro-alloying element. Other
examples of such elements are vanadium, boron
and utantum. Still another is columbium.

As a consequence of the definition of what
I have valled micyo-allay steels, one can speak
about micro~atloy carbon steals, mico-allay
anganege stqels, micm-atley malvidenum
steals, otc. The micro-alloying eloment addad
o & base composition of 3 narmal tepe will, as
3a1d atove, in cerlain respects change the
atael gropartios mare or feys deastically but
=t the stael behavior 13 mainly dependent on
13 basic composition,

-~

5 65

The influencs of micro=alloving clomtenis i3
by nd means the same ia all cages, One ¥
of eloment may change 1he grais size, asothgy
say change the rezigtante 10 lemperisg on-
rittlement, sl another may hiave an inflecncs
99 Cortaln transformation reactions duntg eool-
ing, ete.

The chioice of micro-allomng clemont
dapands o8 the propenty or the propertio: of the
base steol 10 be wiabilised or changed.

Lat us now turs o the dizcussion of colum-
Wut as 3 steclmaking vartable, but, bojors
that:

You may regard the statements regarding
"weldability” given as a background of this
paper as "Elementary, my dear Watson." If so,
1 quite agree, but then I would only like to
make another statement: The simpler you can
build the platform on which your research work
is based, the better it is. Further, the more
systematically you can treat your problems, the
safer you feel. Simplicity, senses and sys-
tematization must never exclude the necessary
brilliance of a successful research work, but
will offer you a reasonable safety on applying
your results to practice. “Elementary, my dear
Watson” - it is all right and I do not care.

GENERAL INFLUENCE QOF COLUMBIUM AS A
MICRO-ALLOYING ELEMENT IN STEEL

Unatil now there has not been very much
written about columbium as a steelmaking
variable. Technical information to be found in
literature at the moment concerning the bshav-
10r of columbium~alloy steels, and information
gained by personai sontacts with colleagues
who have been investigating such steels is
limited and contradictory. This seems guite
natural since thare aiu probably only a fow
steel works having had columbiunt steels in
full-secale production. It )s cur experiance
that rather few important ebservations can be
made without production expaerience as to the
real influence of columbium a4 a steelmaking
vanable.

However, 23 @ bas:s for the devclopment of
calumbium=-ailoy sieeis aad the 1terest in
thase steal tvpes, some woll-kaswa influences
an the properties of sidels by tha additiaa af
zmall amoynta of columbium 1o the drdar o
magnitude of 0.6 -0,05% have boon aligerved,
For ingtanee, thege iz 50 douds that eehrabium
will neredse the vigld tpength of the sigel
aed zauge a fine-grained micre-ireciuse.,

The ttereasing vield slyongth gould of
courze prelytminaily be explained by (e fine
erained structure, byt this dov s wot roets 1o be
the whale truth,  As additingal cifeet on the
vicld sirengih yom colussbivn Weclf i proba-
Ply 10 be found, but go fsr 3 wo krow, the
Uve reanan Jor 1hid part of the vield sitougih
indrease g nol dehintiely explaed. it would
#3t be unteasonable to believe, az Beiver doos,
1hat fine=dizporecd cathides of perhaps hitnides
would i somé way or anothet strengthen the
tranglation plange.,  Our dwh iwvestigationsg
aye still incornpiote and have no donitidution
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to the solution of this problem to offer.»
Some observations in the electron microscope
may, however, partly confirm the statements
of Beiser (Fig. 6-7).

FIG. 6. GRAIN BOUNDARY CEMENTITE AND CO-
LUMBIUM CARBIDE PRECIPITATION IN THE FER-
RITE OF A CARBON-MANGANESE STEEL WITH
2.98 % COLUMBIUM. ELECTRON MICROGRAPH
13 200x.

Bven if ealumbius would have boen regaeds
cd anly as an alloviag eloment which can cavse
4 fina~-grained struciyre i1 tas stoch. fHete
wauld still have been gome advantages teft 3¢
sush aa addition,

A an oxide former oolutbium iz defrrultedy
lese stenng thasn for inzlance aluminu of tita-
aiut ailoviag clo®ends which are alpo uicd
toy {ine-gratn Hestmeniz, Thiz will permt
colnbiva o be yzed 12 fitwegraly machice
#more of bezy indopendesnily of the govaidalion
Practice aoplicd 1o ke siecinaRing. In oitor
watds, geikiiled {(balanoed) eslumbiun-
treated sieecly €3n wory well be Produved and
B¢ IN 0t reee s nol ugnibidantly differn
«tit from $ully Qiiled eleels willh the satie co=
henbive addition, which, of cowtee, hasz an
cCBndt.C smEcttane.,

= oo, howevet, Appendix C - & swrmagy of
tonent invertigations by oo-workets of the
st

|
‘,

FIG. 7. GRAIN BOUNDARY CEMENTITE AND
COLUMBIUM CafBIDE PRECIPITATION [N THE
FERRITE AS WELL AS IN SUBGRAIN BOUNDARIES
IN A CARBON~MANGANESE STEEL AS IN FIG. »
BUT WITH 0.10% COLUMBIUM, THE COLUM-
RIUM CARBIDE PRLCIPITATE 1S PAR COARSER
THAN IN THE FOREGOING FIGUKRE. ELECTRON
MICROGRAPH 14, o0ox.

An Nacriean 2atent epeetficatinn ciataing 3
semtkitied eplumblum-alloy steel appearsad as
late as November 28, 196{. " S»me othut
patear specificaltang have previously been
publizfied 1a US A an4d ather countries. Al-
ready aboul 3% years g oolumiblum wad Mefis
azcd ai an alisvizg aléwmet ysed &
itiall additiong wisteh ap

charadieti sy
sttt e 1AgY dwes

&

da's columbiuie steels,

feior to thay the offect of =Tt wae stud-

:odevbilessly a fzan toasdn,

gt Mmany siecd woti: Praed

2

~oihe oifcct of miTyosailoving

cloments on 1he {adt that for many applisation:

fowatds sigteased vield sitenuth, brt cotiashs
iy alzo Yoo kigh & coel wn elatzon 19 the siloel
weighl thal couid Possstly e saved withowt 3
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drastic change in existing regulations for weldg=
ed structures. Further, a good deal of the low-
alloy steels will not stand the rather rough
treatments which can hardly be avoided in most
of the welding shops.

With the exception of aluminum, and to a
certain extent also boron that is used prefer-
ably in combination with low-alloy steels,
e.g. molybdenum steels, the use of micro-
alloying additions is quite a new field of steel
metaliurgy. In the invitation letter from Pro-
fessor Chipman, h2 asked me to present my
most recent thoughts about columbium as a
steelmaking vanable.

May ! say that I have experienced this
sometimes confusing alloying element 10 a
way that any correct or, at least, reasonable
thought about columbium as a steelmaking
variable 1s indeed receat.

There is vary much to be expocted in the
future concerning our knowledge of this sub~
ject, and for the prosent we have aanly touch-
ed the problem complex which is promising so
much. But the solution is still hiding behind
a moualaln of necessary investigations.

METALLURGICAL VARIABLES

te metallurgy we have three varsables w
apply in avdor 2 produce a stesl for a given
purpese. They are:

1. Compasition (including desxidation
Peackiig) o

., Mechamical tseatment.

3. Hoat ireatment,

Quy axperience of the mocessing wetall ™
gy o} calumbisea $lowls iz lmited 13 o {ypes
of stecinaking prosesses: the paen hedith
sqogess and the kaldo dogess.’ Ia avr full-
scale investigations we have studied various
types 2f deoxiddlion practied, i.c. sewikiiled

Tecis (balansed steels) as well a3 silisoa-
xilled steels, and silivon-teated sivels with
an sddiisnal deoxidatinn by means of
aluminum. As exadadles of whal may be called
aoimal eolumbive steele, ) would tike o
choose the following coupasition ranges:

C .10 - n.25
L 0.03 - 0,30
Mn 0.40 - 1.60
Nb 0.005 -~ 0,05

Witiun the above-mentioned ranges we
have paid most attention to the fallowing three
steels, which mainly chffer {rom each other
with regard to the carbon contents:

TABLE I
AVERAGE COMPOSITIONS

A 8 C
C 0.1t 0.22 V.19
S N.03 .03 7.20
Mn 1.0 i3 1.3
aNb ¢.02 0.03 0,03

Steel A has an upper vield strength of aboyt
31 kg/mm® (22,625 psi) while steels § and C
show a yield point at room temperature 2f about
47 kg/mm® (36,850 psi) as_rolled. It should
be abserved that (ae difference in ymposition
betweon steel B and steel Cis limited 12 the
earban contents and the stlicon eontants.
There ts aninfwence of stlcen an the strength
of the steel, and tharefare steel C may o2
given a shightly lower carbon percentage. Ihe
average weld syreaqih tneraane an adding o-
lumbiun 13 10-12 sgfemm’ (i4, 000-17, 000 gsih.

There 13 82 maried difference polveen the
possibilities of producing about the samse gual-
ity of stecl by the apen-Raanth prooess and tke
kalde pocess. Howowver, a kalda slecl, be-
eause af Wy vory bow axyzes and 2uirogoh can-
weats, hag a guperiar farmabilaly, which wiid
b2 discloged by the bending geoveriios, Ux
ehagation and the mpadt motenties. Thig i,
howevoer, typical aigo $9r unatloyvesd kaildo
steels in rulatiog 10 the same tvpe of gteel
tadde by the ofen-beaeth Wodess and hay ob«
vidusly nothing o do with e columbiug ade
gition.

Thete ate sovcral wavg 2f adding colom-
Wum 12 the molien steel. The colutabiu yeeld
will sary depending upeh the adding tethyd
GEel anY randes 52-98%, N s our expetience
that the Righes! tedovery of 3 columdiui ad-
dition will octur on acdiag the aileying metal

{ior 1nstance as ferrocolumisum) ©o the mols,

Rartions of {esrocolumbiun, each wing, for




instance, 10% of the total addition, may be
thrown into the mold and will give a yield of
60-70%. MAnother way of adding ferrocoluritium
is an injection method, which we have devel-
oped and which we have found will give the
highest yield, 99-95%, According to this
method a rather fine-grained powder (average
grain size about 2 mm) is blown into the stest
stream by means of equipment shown in Fig. 8.
This method is of course not only connected
with columbium additions but with any addttion
of micro-alloying elements, which on the whole
can be added at this stage of the process.

FIG. 8. ARRRNGEMENY PO
THE MOULD OF A CGS LERA tJ
BOWDEE. NORMALLY FEEROC-TOLUMBIUM . THE
POWDZR (¥ SLOWK Nw; T §*’ TE:_.B, STREAN C”'.
CASTIRG AN INGOT. FEOM NITRUGEN 8 AsGON
CONTANEES )Tﬁiﬁ GAS WILL URDEIR 3’%&.5‘1&\&
BLOMW THE POWDES IR THE FIRe-<COLUMBIUM

CONFAIRMETS (IS0 & SMALL IMANETER STEEL
TUBL{Y) WHICH {8 APPLIZD OX THE LADIL §O
THAT THY POWELE STELAM WILL ALVWAYS E{
DIBECTED ON THE STLIL STREAM DURRG THE
CASTING.

B INIECTION INTO
CONTAINRING

Bosides the highet forowety of the idro-
a2iloying elekent vsed, tius #Meothod has shiothar
advaglage--ihe disitibalion of erall addilions
wiall Be ove even thiough an ingol soties 1han
by any othet mothud we have invertigated.

This has been shown by means of radisactive

isotopes and, of course, also by means of

more conventional investigation methods such

as analyzing different parts of steel plates and

testing the mechanical properties of the plates
ccordingly.

Another advantage ~onnected with addition
to the mold is that in case of great heat weights
only a selected part of the ingots have to be
praduced as micro-alloy steels, while the rest
of the charge may be used for other purposes.

On using this principle for producing inga”
of the samg basic heat with various additions
of micyo-alloying metals, tha composiuorn of
the stzalin the ladle should of course corre~
spoand 0 ar ordinary structural stecl, a carbon
steel or 3 carbon-Wanganese stael, t.e. a ship
steei. Since the ¢ lumbium gudition 10 a steel
calls for certain composition limits of the ele-
ments in the base composition of the steelin
the ladle, there will always be a possibrinty to
310D the addition of the micro-alloying clement
in case the composition requirements > the
base stesl have not been met whan the steel
has been tapoed into the ladle. 1f 32, the basa
steel can still be used provided that it corre-
spands to rhe reagquirements of an ordinary sirye~
tural steel ang will then e used for ingots of
1hig vpd.

Quy iwvostigationa hivee alsd covaered stud-
jes of Jifferent ingot 31zes and tyRes. We
have faund oo s,.qmisca::: differandy congeriing
tie moperties of the calumbigm steel, whieh
Tan be 33id 0 depend un these jactars

I might furthar be of iatanost that wolus
bum-cdntaining erap wsll give off 11y colum
wum eoattenls 10 i slag on re-melting. ”‘r.o
ooy of axidation spems W b e a very jow
content of »alumiius in ke senllan sicel, the
dintribution ratis of colombius in tlagsecium~
Bum ia steel hetng 200- 30071 under steomely
axidizing oonditinns . O re-circuiating oojun-
Wut-¢oslataiag slag to the bisst furnace, howe
ewver, AtMesting should b Yiven o (% Pt~
ity of gradually Incteaning coluabian-
contertis in e Pog iron tausced by teduction of
calpbivm-oxide.,

3 expetietce of methatical Yeatsent is
hm@sﬁ 1o slak and plate rolling. The zlas
telline has teek posforsied withowt any Famtic-
via; precastions. THe haatling lemperature be-
tore t0lling iz notmaaliy J2&B-1 300 C, The only
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trouble that has occurred in connection with the
slab rolling is that on rather high columbium
additions, resulting in columbium contents of
the steel in the order of 0.04-0,05%, the slabs
may become rather brittle., On surface con-
ditioning of such slabs, they have in some
cases broken in two due to brittle fracture
initiated at some defect in the slab under the
influence of the thermal stresses. Such inci-
dents are of course exceptions.

The heating before plate rolling is normally
carried out at a temperature of about 1200°C
and the plate rolling is performed under con-
trolled temperature conditions.-® These con-
ditions normally imply 30% reduction at a tem-
perature below 900°C.

A great many other variables of hot rolling
conditions have been investigated. There does
not, however, seem to be any need for further
restrictions, but on the other hand, the amount
of reduction below 900°C mentioned above has
to be fulfilled to ensure the desired properties
of the plates.

The lamination tendency of columbium steel
plates does not seem to be stronger than for
ordinary carbon steels or carbon-manganese
steels, On the other hand, there is a differ-
ence between a columbium~treated steel and an
aluminum-treated one. Columbium has defi-
nitely not the same marked effect on the slag
distribution and the ferrite banding of the micro~
structure as has aluminum.

The same practice as to ultrasonic testing
of normal structural steel plates can be applied
to the columbium steels,

Plain carbon steels or carbon-manganese
steels with micro-alloying additions of colum-
bium are delivered either in the hot-rolled con-
dition up to & certain plate thickness or after
normalizing.

The nor:ializing treatment does not distinct-
ly differ from the same treatment of plain car-
bon steels or carbon-manganese steels. The
normalizing temperature is about 900°C but too
low a normalizing temperature seems to be more
detrimental f-r columbium steels than for un-
alloyad or manganese alloy materials.

The heat treatment practice to be chosen is
in most cases practically unchangad by very
small additions of alloving elements. There
are exceptions, of course, for instance i

connection with boron additioas to certain
steel types, but generally most of the micro-
alloying elements will not change the heat
treatment conditions of the base steel more
than some +10°C with regard to the A. -level,

BASIC PROPERTIES OF COLUMBIUM STEELS
VERSUS PROCESSING VARIABLES

The properties of columbiunm steels de-
scribed in this part of the report refer mainly
to the three compositions given in Table 1 and
to surrounding compositions investigated in
our research work.,

Properties vs. Composition

A normal microstructure of a columbium
steel (steel A, Table 1) in the hot-rolled con-
dition at a plate thickness of 30 mm is shown
in Fig. 9. There is not very much difference
in microstructure at still higher plate thick-
nesses.
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FIG. 9. MICRO-STRUCTURL QF A $TEEL WITH
THE COMPOSITION C 0. 21 4%, 8 0.11%, Mn
1,39%, Cb 0.056% [N THE AS-ROLLED CONDI-
TION. GRAIN-SIZE ASTM 8. 200 x

The variations in microstructure by various
columbium additions outside the range 0.00%-
0.05% has not yot boen properly investigatod
in our research work. Within the mentioned
rango, howecver, no great varlations have boea
observed until now with the exception of some-
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what increased grain-refinement with increas -
ing columbium contents.

The microslag types to be found in colum-
bium~treated steels are shown in Fig. 10. As
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F1G. 10. MICRO STIUCTURE OF A STEEL WITH
THE COMPOSITION C 0.11%. 8: 0.02%, Mn
1.01%. Cb 0.Q3e%. IN THE AS-ROLLED CONDI-
TION. SHOWING TYPICAL SILICATE SLAG INCLU-
SIONS. GRAIN-SIZE ASTM 7-8. PLATE THICK-
NESS 30 mm. 100 x

in ordinary structyral steals, the slaginclu-
sians are of the sulphide type and the sili-
cate tyne. By moans of alectton probe X-ray
micra-andlysis, howover, we have jound that
the stlicaze inclusions may contain up a2 2%
columivum. This might call far 3 deoxidanon
peactice that will guarantee the smallest pos-
sible amount of oxygen-comtaining sleg in-
clusions.

The distnbution of columibium carbidesg i
the structure, :a difhicult (o observe directly
i 3 normal Rght-microgeope.  However, at
molivm magnidications and propar ¢iching, it
1% somoliznes pazsible ta obsorve panticles that
are probably sych cartides, and particuiarly 20
after haviag studied theze precipilations in the
aloctror microscope. Following this approach,
they aro more ¢asily found in normal micro-
BTIPY

Tin distribuilon of columidum in the MIG0-
sliucture can further e investigated in a moye

adeguate way by means of the electron probe
X-ray micro-analys,s. Such investigations
have proved that columbium is not evenly dis-
tributed in the microstructure after rolling. A
columbium concentrztion will always be found
at the grain Foundaries, and a higher colum-
Ebium content in ths pearlite than in the ferrite
has also been ¢bserved.

The columbium contents of the grain bound=-
ary areas are normally about three times as
high as in the ferrite. It is still not clear
whether this distribution of columbium has any
importance as to the properties of the steel or
if it can be influenced by hot-rolling conditions
or any other processing variables, etc. It has
peen observed, however, that normalizing will
result in a more even distribution.

It seems most probatle that the columbium
distribution {s quite important., However, this
is a part of the research field still including
many unknowns and calls for further investi~
gations. What we dare say today is, by our
experiences, that on keeping the same pro-
cessing conditions from Lima to time, tae ¢o-
lumbivm distribution will be found to be the
same I1n each case, i.e. the distribution of
columbjum 1s probably strongly connected with
the treatment of the steel and will not vary in~
dependently of this from one h2at to another.
The carbide distribution after normalizing 1s
evidently a reasonable explanation of the cor-
rosponding change in propertias.

The A. ~temperature 1s very stightly in-
creased by columblum contents in the order of
N,021-0,04%, Qur invastigations have shown
Uit such A enlumbium addition will raise thus
critical temperatyre about 10°C and that a
further addition of the sam2 amount of vanadi-
um will increase A, another 8°C. From a prac-
tical paiat of vitw these changes hove no jm-
partance.

Anincrease of the catumbium contents will
cause an inereased tability against spentane-
aus grain growih, On overheating. the tem-
potature of sudden grain growth will bw found
aroutd 1000°C, if {3% coarse-grained struc-
ture 1s taken as the critarton.  Xilled volum-
tum sicels pageeze a higher grain-growth
temperature and the ditfery noe etweoen 3 killed
stoel and a semikilled one is about G, The
grain-graavth Wadency of eolumbium stools is
icss dragtic than for aluminum-treated stoels
of the same basic composition (Fig. 11-13).
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FIG. 11. INFLUENCE OF VARIOUS CCLUMBIUM
CONTENTS ON GRAIN GROWTH TENDENCY OF A
STEEL WITH THE BASIC COMPOSITION C 0.17%.
S1 0.09%, Mn 0.43% AND COLUMBIUM (NIOBI-
UMYCONTENTS ACCORDING TO THE DIAGRAM.

Columbium additions to a steel wili in~
crease the yic'd strength, the ultimate strength
and the ratio yield strength/ultimate strength.

Up to columbiuin contents of about 0.02%,
the influence on the properties mentioned oc-
curs very strongly. A further increase above
this columbium level will still slowly raise
the yield strength, while the ulumate strength
does not seem 10 be markedly mnfluenced. Tius
is tha case up to about 0.10% columbium, while
fu~thar additions up to about 0.20% columbium
will cause a continnous shight decrease in
uyltimate strongth--the O /0. remaining almoss
unchanged.

Qur inve stigations have indicated that, as
an axample, the wield strengih/altumate
strongth ratio, which {or a cartain catban-
manganase stel 13 shout 0,60, will ineeease
up 1o aboaut 0,68 at an addition of 9,00%% ¢o-
lumbium, up to 0.7% at 0,01 % columbium, but
oniy up o 0,77 at a further addition up 12
0,06% calumbium,

Even i tha strongest influenae of colum-
hium an the yield strength apparently s2Cur
alroady at contents of the arder of 0,017 1%
seaas {rom a practical point of view 10 e
reasonable to add en average content of 0,02~
0,03% in order 1o avoid a delrimental atlu-
once of unavoidable segregations aon full-
scale ingot produttion,

Avart fram this direct influence ol calun-
Liuth on yield atrongih aad ultimate strergth,
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FIG. 12. GRAIN GRCWTH TENDENCY OF VARI-
OUS HEATS WITH THE FOLLOWING COMPOSI-
TIONS (HEAT NUMBER INDICATED IN THE DIA-
GRAM BY THE FIGURES WITHIN THE CIRCLES)
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THE OTHER FIGURES ALONG THE GRAIN GROWTH
CURVES FOR THE DIFFERENT STERLS INDICATE
THE GRAIN SIZE NUMBER ACCORDING TOASTAL
IT SHOULD BE OBSERVED THAT AT HIGHER Tixt-
PERATURES THE MICRO -STRUCTURE CONSISTS
OF A MIXTURE OF FINE AND COARSE GRAINS AS
SHOWN BY THE ASTM NUMBERS ON UACH »{DY
Or A CURVE.
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any change of the basic composition ot the
steel will cause a corresponding change in
strength, which means that in case of constant
columbium contents the strength of the steel
may be changed in a normal way by changing
the carbon contents, the manganese contents,
etc. The influence of columbium is, in other
words, to be regarded as one which is added
on the top of the normal strength of the base
alloy.

As a consequence of increasing the yleld
strength by columbium additions there is a
corresponding tendency to decrease the glon-
gation, which, however, does not seem to be
critical within rather wide limits.

There is also a change in impact properties

to be observed, following the increase of vield
strength. In most of the literature references
to be found concerning the influence of colum=~
bium on steel it is claimed that the impact
properties of columbium steels are good and in
many cases improved in relation to columbium=-
free steels. I think I dare say that our inves-
tigations have covered enough impact studies
to state that this is definitely rot true regard-
ing columbium-treated plain carbon steels and
carbon-manganese steels in the hot-rolled
condition. It might be true regarding some
cases of normalized or quenched-and-tempered
conditions and it 1s definitely true concerning
columbjium-treated low-alloy Hardened and
tempered steels. In the latter case, however,
it occurs as a consequence of columbium ad-
ditions in the order of 0.20-0,40%.

As to the columbium-treated carbon steels
and the corresponding carbon-manganese steels
this statement does not mean that the impact
properties are very poor, I only claim that an
improvement hardly occurs because of a colum-
bium addition only and already this statement
might be an understatement,

Properties vs, Rolling Conditions

The influence of rolling conditions on the
microstructure of columbium steels is much the
same as on aluminum-treated steels. On con-
trolled rolling a more fine-grained structure
will form and a certain tendency to ferrite
banding may accordingly appear. This ferrite
banding, however, is not much pronounced
even if the finishing temperature on rolling is
lowered very much, In this re'spect the differ-
once between columbium stesls and aluminum=

treated steels is obvious,
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The strongost influence of rolling condi-
tions will be found on the mechanical proper-
ties and, particularly, with regard to the im-
pact values of the steel.

Our research work has covered a great
many variables in connection with hot rolling.
No significant effects have been observed as
to reasonable changes in heating temperatwes
bofore rolling, various cooling rates immedi-
ately after rolling or various temperatwes on
levelling the plates after rolling. Nor hawe
more complicated prescriptions for controlled
rolling resulted in properties, which deviate
from the properties gained by a normal con-
trolled rolling, i.e. a certain reduction below
a certain temperature. Variations within a
wider heating range, e.g. 100°C, before
rolling, however, will result in rather strong
effects on mechanical properties.

Regarding the ultimate strength of a colum-
biumn steel the finishing temperature on hot
rolling has only a very small influence and, as
a consequence of what has been said above
concerning cooling rates after hot-rolling, etc.,
the influence of plate thickness on the uli-
mate strength is for the same reason limited if,
on the whole, it can be observed.

The yield strength, however, is more ob-
viously influenced by the finishing tempera-
ture on rolling and also by the degree of re-
duction below a certain temperature.

We have found that there seems to ba an
optimum concerning the impact strength level
around a finishing tcmperature of 830°C.

It can also be shown that the ratio yield
strength/ultimate strength will increase on in-
creasing reduction bolow 900°C. Hence this
ratio will cover the range 0.74-0.78 by in-
creasing the degree of rcduction below 900°C
from 30% to 70%, as far as our investigations
have shown. For normal hot rolling, i.e.
without attention to any controlled conditions,
the same ratio will ha in the order of 0.67-
0,72 depending on plate thickness.

In other words, the finishing temperature
will have roughly the same influence on co~
lumbiums=treatad steels as an columbive- free
ateals of the same basic composition akthough
we feel that the columbium=free ateels may
show a little stronger effect by varving hot-
rolling conditiona than do the columbium-



treated ones.

The particular effect of the columbium ad-
dition, on the other hand, will naturally cause
higher absolute values of yield strength/ulti-
mate strength over the whole line of hot-rolling
variables.

The elongation is obviously strongly re-
lated to the strength of the steel. Elongation
values could only be compared provided the
strength in various cases i{s about the same.

Approximately ultimate strength x elongation
is constant. This is a rather well-known ex-

pression but it is unciear within which range it
is valid. In our investigations we have used
the expression yield strength x elongation,
which at constant yield strength/ultimate
strength will imply the same as the previously
mentioned ons.

We have called yield strength x elongation
(kg/mm® x 6:%) the Q-value. This Q-value
will normally vary between 960 and 1190 with
an average value of 1080 if calculated on the
basis of our investigation results. Withina
certain heat, however, the scattering is less
than the range mentioned.

The reason why, on the whole, the Q-value
will vary is for the present unknown tous. A
Q-value of minimum 1000 {s for most purposes
demanded in our production as a reasonable re-
lationship between yield strength and elonga-
tion.

For o columblum=-treated steel the Q-value
i{s higher than for a corresponding columbium-
froe steel, while ultimate strength x elongation
{s somewhat lower for the columbjum steal.

For a cartain yield strength, columbium-~
treatod steels have a better elongation than
comesponding columblum-free stoels and vice-
versa if the ultimate strength is kept constant.

No relation botween ultimate strongth x
olongation and hot-rolling conditions (including
heating conditions before rolling) has boon
found, although such a relationship might exist
betwoeen the Q-value and the rolling conditions.
This 1s stiil baing invostigotod.

The impact properties of a columblium steel
are strong ly deponding on hot-milling condi~
tions. Our investigations have given & great

many results concerning the variation of im-
pact resistance with respect to controlled-
rolling conditions used. They can be sum-
marized as follows:

1. The impact resistance of a columbium steel
in the hot-rolled condition is, whatever the
rolling conditions may have been, inferior to
an unalloyed or manganese-~alloy steel of
corresponding basic composition.

2. The impact resistance of a columbian steel
is strongly influenced by decreasing finishing
temperature on hot-rolling and by increasing
the degree of reduction below the control tem-
perature chosen.

3. The effect of lowering the finishing hot-
rolling temperature is very pronounced down to
800°C. A further temperature decrease will
not, however, lead to a corresponding improve-
ment of the impact resistance. In principle the
same is true down to a certain degree of ro-
duction below the finishing temperature. Our
investigations have shown that 30% reduction
below 900°C will give a marked effect while
further increase of the reduction below the
chosen control temperature will not lead to a
corresponding improvement,

4. Besides the influence of hot-rolling con-
ditions, the impact resistance of a columbium
steel is, of course, also dependent on the
steel composition and further on the deoxida-
tion practice. Hence the impact strength of a
silicon-killed columbjum steel is better than
that of a semikilled steel, but still inferior to
that of a corresponding aluminum-treated one.
Between these throe steel types the difference
in lower transition temperatures on Charpy V-
noteh testing is about 10°C.

Concerning the standard deviation of vari-
ous basic mechanical properties of columbium
steels with referonce to a continuous produc-
tion of this steel type and the standard dovi-
ation of a certain heat of a columbium steel
raspoctively, there does not seem to be a more
pronounced one than for ordinary structural
steels. In other words scatter readitigs on
machanical tosting of columbium steels have
not baen found to bo caused by the columbium
addition as such but is rather a consequence
of variations caused by the basic composition.

Thoere is a systematic decrease in yield
strength from the top end of the ingots to the
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bottom end, but this is also true for ordinary
structural steel ingots.

Properties vs. Heat Treatment

A great many investigations concerning
heat~treatment conditions in connection with
normalizing have been performed (Fig. 14).

FIG. 14. MIGRO-STRUCTURE OF THE SAME
STEEL AS IN FIG. 10 AFTER NORMALIZING. 1T
1S TYPICAL FOR A COLUMBIUM MICRO-ALLOY
STEEL THAT THE GRAIN SIZE IN THE NORMAL-
12ZED CONDITION VARIES CONSIDERABLY .,
GRAIN-~SIZE ASTM 6-10. 400

The As ~temporature of columbium steels dis-

cussed in this paper s 840-850°C., The nor
malizing temporature is generally 900-920°C.
Without going into dotails the hoat-treatment
investigations can o summarized as follows:

1. Normalizing will dec¢roase the ultimate
strength to 8 level, which is 1 -2 kg/mm®
{(1-192=2800 psi) higher than tho ultimate
strangth of a corresponding columbium-froe
steel, independently of hot-rolling conditions.

2. Normalizing will reduce yield strongth/
ultimate strength ratio to about 0,70,

3. The impact proparties of normalized colum-
bium steels will increase in relation to the

same steel In the hot-rolled condition and witl
In most cases become quite comparable with or
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superior to the impact values of a correspond-
ing columbium-free, normalized steel or even
a normalized aluminum-treated one.

4, Normalizing will improve the Q-value but
not very strongly.

In connection with the heat-treatment in-
vestigations the properties of columbium steels
after hardening and subsequent tempering have
also been studied, This part of our investi-
gations has, however, until now covered only
a small part of what we intend to do and it
might be a littie early to draw any conciusions.
A columbium-carbide precipitation with its
maximum around 550-600°C can, however, be
reported (Fig. 15) after saolution treatment at
sufficiently high temperature, e.g. 1250°C.

The susceptibility to aging is generally
less for a columbium steel as compared with a
corresponding columbium-free steel.

In most cases columbium steels are, in
the normalized condition, as good as corre-
sponding aluminum steels, and a good deal of
our raecent investigations have proved the aging
tendency of columbium steels to be less

prorounced than that of normal fine-grained
aluminum steels.

THREE POSTULATES

1. The function stability of a weldad strue-
ture dopends on the frequency and types of de-
focts in the welded joints.®

2. Itis unrcalistic to beliove that a welded
structure of any importance 1s complotely itoe
from daefects 1 its welded joints.

3. All precautions taken 1n conneetion with
walding have the aim 10 decrease, in one way
or andther, the level of welding stresses ands
or 1o prevent the occurtence df Injuribus micra-
structure formations which may increass a dan-
gerous influence of appearing defects.,

i am quite convinced that these pasiulites
are valid. U 50, the oonsequence will he that
have ecourred \n a welded steugluge, mug

¢ Weld metal + surrounding heat-etfected
2ones and parts yndoer the influence of
“relding suesses.
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FIG. 15. DIAGRAM SHOWING HARDNESS VS
TEMPERING TEMPERATURE OF STEEL C IN
TABLE | AFTER AIR-COOLING FROM 900°C AND
1250°C RESPECTIVELY. AFTER SOLUTION
TREATMENT AT SUFFICIENTLY HIGH TEMPERA~
TURE A MARKED COLUMBIUM CARBIDE PRECI~
PITATION WILL APPEAR AFTER TEMPERING
ARQUND 550~600°C.

have_originated from a_defect in a welded
josint_unger circumstances which have been
criticul with respect to temperaturg and st

So far as I know nobody has been able to
prove that this s not true.

In the following part of this repornt some
special properties of edlumblum steels in con-
naction with welding technology will be de-
scribed. Bofore that the seven groups of
tactors to be observed In connaction with
weldability investigations as to detrimental
changes should bo ropoated:

1. Longitudinal weld cracking (solidification
cracks or *hot cracks”).

2. Transversal weld cracking (shrinkage
cracks or "cooling cracks”).
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3. Hardening embrittlement in the weld or the
transformation zone of the steel,

4, Normal brittle behavior of the weld or the
steel below a characteristic critical tempera-
ture and under severe stress conditions, e.g.
residual welding stresses.

5. Embrittlement due to migrostructure insta-
bility of the weld or the steel at low and me-
dium temperatures.

6. Embrittlement due to microstructure insta-
bility of the weld or the steel at high tempera-
tures.,‘

7. Decrease of corrosion and oxidation resis-
tance of the weld or the steel due to residual
welding stresses and/or certain microstructure
formations.

SPECIAL PROPERTIES OF COLUMBIUM STEELS
VS. WELDING TECHNOLOGY

Having now described, in a summarized
form, the basic properties of cotumbium-alloy
steels vs. processing variables I ought to turn
back to the weldability problems connected
with this type of steel and describe how co-
lumbium-alloy structural steels will react and
should be regarded in connection with welding
technology.

Wealding technology does not only include
what is generally called weldability problems
but also problems caused by cuiting and form-
ing eparations, cheice of filler materials and
determination of suitable prehoating or past-
heating temperatures, if such precautions are
nOCDSSArY In cortain eases. A successful
kandling of these problems and avoiding the
datrimental offects, which may arise {rom the
metatlurgical reactions during the welding, 15
a raquirement to be fulfilled in order to offer a
high degroe of funclion stability to a welded
joint in the steet.

Concerning columbium steels of the type
discussed here, oae will not meet any partie~
ular xobloms, o far as | Xnow, with regard o
cutting, forming operations and choice of fillee
materials.

Thete 15 a difference, of course, botwson

plain carbon steels or catbon-mangane so steels
and the columbium-alloy steels rospectively
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caused by the higher strength of the latter.

But filler materials, which must not necessarily
or not even preferably be columbium-alloy ma-
terials, can easily be found as they have cor-
responding strength properties.

Provided the equipment used for forming

can be applied to steels with higher strength,
diff.culites which may arise are of the same
type as will oceur for unalloyed or manganese-
alloy steels. During our investigations no
serious troubles have appeared according to the
factors mentioned, which could not have oc-
curred in columbium-free steels as well.

It has previously been mentioned that there
are seven main groups of metallurgical phenom-
ena to be particularly studied in connection
with weldabjlity investigations and that certain
detrimental changes may be expacted under
circumstances as a consequence of these met-
allurgical reactions.

Columbium as a micro~alloying element in
a structural steel does not seem to contribute
to either longitudinal or transversal weld
cracking. In these respects a columbium-alloy
steel will react as a corresponding plain car-
bon or carton-manganese steel.

For example, the main reason for hot-
cracking in welds is too high carbon contents
and/or sulphur contents. Neither an advan-
tage, nor a disadvantage of a small columbium
addition has been found.

In the samo way transversal weld cracking
{5 a problem connected with the weld metal
quality and the shrinkage-stross coaditions
during welding. Small columbium additions to
the weld metal from the molten steel does not
seem to hiave any practical importance.

There 1s no obvious reason to expoct that
columblum in the steel will contzibute w a
decrease of the corrosion ang oxidation re-
sistance of the parts of the base metal sur-
roundirg walds in such a steel. This is, on
the othey hand, a part of the weldability re-
search, which has ot yet been investigated
in our work.

More interesting parts of our weldability
Invesugations refer to the risk of hardoning

embeittlomont in tho trangformation gones of a

columbium steel adjacent o a weld, to the

risk of initiation of brittle failures jn ora-
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round welded joints in columbium steels and to
the possible change in properties, which such
a steel may undergo because of thermal insta-
bility during heating to medium or high tem-
peratures during or after welding.

On rapid heating and cooling, as during
welding, a rather pronounced effect of colum-
bium can be observed. This can be shown by
means of a special weld-hardening test based
upon high-frequency induction heating of test
bars, whereby the heating and cooling cycles
on welding can be reproduced.®

Since there is no welding included in this
type of hardenahility testing, whi:h is briefly
described in Appendix A, the testing conditions
are from time to time kept very strictly.

It is well-known that hardenability dia~
grams as they appear on Jominy testing have
been used for quite a few years in order to
datermine welding conditions for various steel
types. The induction-heated weld-hardening
test mentioned will offer a hardenability curve
for the steel, which can be used in the same
way and which has been developed so that the
same tables as for the Jominy hardenability
diagrams can be used for calculations of weld-
ing conditions--but with the important differ-
ence that the heating and cooling conditions
on welding can be simulated in a far better
way.

Provided that the steel to be tested does
not contain any alloying elements forming car-
bides, which very slowly will be brought into
solution on austenitization the Jominy test
could be used as well, Howover, as soon as
slowly dissolving microstructural elemants
oceur, such as carbides of strong carbide
formers, the Jominy curve will not offer a true
picture of the hardenability of a heat-affected
o2 ¢lose to a weld,

The inducticn-heatod weld-hardening tost,
which was developed about ten years ago, has
proved o be very useful for the detemmination
of slight differences in hardenabiiity of various
structural steels. Figure 16 shows a harden-
ability curve received by the Induction-
hardondti) test. This curve should be com-
pared with the curve in Fig. 17 for & come-
sponding carbon-manganose steet without co~
lumbium addition.

It i3 evident that an advaniage has been
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FIG. 16. NWH HARDENABILITY DIAGRAM FOR
A CARBON-MANGANLESE STEEL WITH A COLUM~
BIUM MICRO-ALLOY ADDITION. IN SPITE OF

A YIELD STRENGTH. WHICH IS 25-30% HIGH-
ER THAN TEAT OF THE CARBON-MANGANESE
STEEL IN THE NEXT FIGURE. THE HARDENA-
BILITY IM CONNECTION WITH WELDING CAN
BE KEPT MUCH LESS BECAUSE OF LOWER MAN-
GANESE CONTENTS. SEE ALSO THE DIAGRAM
IN APPENDIX C. WHICH SHOWS THE ADVAN-
TAGE QF CHOOSING A HIGH STRENGTH MICRO-
ALLOY STEEL INSTEAD OF A NORMAL CARBON-
MANGANESE STEEL WITH RESPECT TO THE
HARDENING RISK IN THE HEAT-AFFECTED
ZQNES ADJACENT TO WELDS .

gained by alloving the steel with a small a-
mount of columbium if a rapid heating is ap-
plied. Conpsequently columbium steels must in
this respect be regarded as having improved
weldability 1n relation to thelr strength.

Tra rlow rate by which columiium carbides
may g0 into solution in tha austentita dosg ot
occur o me as a probabla cxplanation of tus
bahavior of a columiium steal. Sull the aus-
tenite 1n a heat-affected zone in a eolumbiua
stee! {3 prebably loveer 1a carbon than in L
steol acconding 1o the actual compagition and
the coritical sooling rate of such an asstenite
will became higher, However, the ealumlium
gontonts are indaad not sufficiont ta fotm any
apprectable amount of columbivm carbitdes. 1
feel that columiium rathor may foem an cssen-
tial part of the cementite but we have axt teen
able to prove this, wot. On the other hand, the

FIG. 17. NWH HARDENABILITY DIAGRAM FOR
A CARBON-MANGANESE STELL WITH CARBON
AND MANGANESE CONTENTS CLOSE TG THE
UPPER LIMIT OF WHAT IS NORMALLY PERMIT-
TED WITH RESPECT TO WELDABILITY AND STILL
A MUCH LOWER YIELD STRENGTH THAN THE
STEEL REPRESENTED IN THE FOREGOING
DIAGRAM.

columbium influence on the cementite formation
and lacalization is pronounced. The pearlite
will precipitate in an abnormal shape; the ce-
mentits appears 1o a orrtain exteat in the grain
boundaries and is rather coarse. Finally, by
means of X-ray probe micro-analysis it has
been shown that the ratio of columbium econ-
tents 1n the grain boundarios, in the pearlite
and in the femrite are la the relative amounts of
Qmut 3"‘ 1/2-1 *

Ihe tendenex to britds fracture in a eolum-
bium giael in connection with weldiag will offer
much of intorest. It can by shown and has al-
ready karon satd proviously in this papar that
the ympac: streagth v, tempsrature of 4 ©o-
tumbium stoel i generally nat botter and, asg
rolled, tathar warse than what can Le expacied
regarding a comesponding steal withouwt colum-
biugm, Honde one could aasily bo tompled W
state, from thiz st of view, that columbium
sleels are nomally inforior 10 the comesponding
unalloyed of manganese-alioy ones,

This impression 1% no doult thiained i the
trittle-{racture tendency is dotermined onty by
moans of impact testing of the unweided steel.
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The question is however, if it is correct to ex~
clude welding from such a testing.

_In most cases it is done so because no-
body, so far as 1 know, has been able to show
that any remarkable improvements car: be gained
by the heat-influence of welding as to the safe-
ty against brittle fracture of a steel. It is rath-
er a rule (or at least believed to be a rule) that
the heat-affected parts of a base metal are in-
ferior to the unaffected steel in this respect.

Figures 18-19 show quite normal impact
curves of a columbium steel in the hot-rolled
and normaiuzed conditions respectively. There
is nothing abnormal in the curve referring to the
normalized condition and in this case the steel

XY, kgm/cm?
205
as-rolled
Isr
.——O
7
‘ / /S ,’._.-—o
10t /7
Y
/ /
L 4
't S/
/
U4
o
f O--—-lh"'j
. re e 'y A " 2 e y ]
-& -2 0 20 ey’ ] Y. 90
tempareture °C

FiG. 18. CHARFY V-NOTCH IMPACT CURVES
FOR 30 min STEEL G IN TABLE 1 IN THE AS-
ROLLED CONDITION (BLACK DOTS)AND FOR A
CORRESPONDING CARBON-MANGANESE STEEL
WITROUT COLUMBIUM ADDITION BUT STILL
IN THE AS<ROLLED CONDITION AND WITH THE
SAME PLATE THICKNESS.

has a good chance to withstand sevare stross
conditions cauged by sharp notches even at
rathor low temperatures. The hot-rolled con-
dition of the sieel, however, does not create
any happy feelings even if there are lots of oo~
lumbium~free stodls with roughly the same brit-
tie fractusre tendency alieady a3 high tempera-
tures.

It has proviously been satd a few words
about the aging susceptibility of columbium
steels.

KV, kgm/cm?
” -
1 normolized
L] o
._—-b—-_-
- ‘r °
S r'/*———qb-—“-.
i /
wf /7
| //
o I,'/
ski/
,Io
° | A N V- 2 . — ' 3 2 )
-0 - & -~ 0 .2 - 40
tempercture °C
F1G. 1 9. THE SAME STEEL PLATES AS IN FIG.
18 AFTER NORMALIZING.

The aging reaction in a columbium steel
may occur already on rapid heating in connec-
tion with plastic deformation as, for instance,
in @ zone at a certain distance from a weld. A
decreasing impact strength in such parts of a
columbium-alloy base metal is shown in Fig.
20. This is neither worse nor better than what
is to be found for most structural steels.

Howaver, on testing a columbium steel by
the NC-testing method (Appendix B) quite an-
other picture of the tyittle fracture tendency
will appear. This is shown in the diagrams of
Fig. 21-22. The two diagrams reprosent ex-
amples of the roterelled and the normalized
candition respectvely. It can be seon that
the transltion tamparature 1s vory low indeed,
in both cases about -100°C.

In spite of the sharp notch attack from a
natural weld crack it has been impossible w0
cause a frocture in a test bar abave -100°C at
nominal oads bilow the yleld strength level of
the steei, i.e. the nominal ylcld strength
measured cn unnotched test bars. This is the
game yield strength lavel as measured by
m~dns of welded test bars above the inter-
section point between the yleld strength curve
and the curve of the so-callad noainal clsav-
age strength,
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FIG. 20. IMPACT STRENGTH ACCORDING TO CHARPFY V-NOTCH TESTING AT 0°C IN AND ARQUND
A WELDED JOINT IN A HALF INCH STEEL OF THE TYPE B IN TABLE | (AUTOMATIC WELDING LEFT.
MANUAL WELDING RIGHT). THE STEEL WAS IN THE AS-ROLLED CONDITION AND A SLIGHT DE-
CREASE IN IMPACT STRENGTH CAN BE OBSERVED AT A DISTANCE OF 5-15 mm FROM THE FUSION
LINE. THE TWO MINIMA WITH A MAXIMUM IN IMPACT STRENGTH IN BETWEEN ON AUTOMATIC
WELDING AS WELL AS ON MANUAL WELDING HAVE BEEN REPRODUCED FREQUENTLY BUT ARE NOT
YET FULLY EXPLAINED. HOWEVER. THE MINIMUM AT A DISTANCE BETWEEN 3-10 mm FROM THE
FUSION LINE IS PROBABLY CAUSED BY AN AGING REACTION BUT THE OTHER ONE MAY HAVE ANOTH-
ER REASON. IT SHQULD FURTHER BE NOTED THAT AS EXPECTED THE {MPACT SYRENGTH OF THE
WELD METAL OF THE AUTOMATIC WELD IS FAR LOWER THAN [N THE MANUAL WELD. BUT FURTHER
THAT A PRONOUNCED MAXIMUM IN IMPACT STRENGTH APPEARS CLOSE TO THE FUSTON LINE IN
BOTH CASES. THIS MAXIMUM IS ALSO REPRODUCIBLE AND \WILL BE EXPLAINED 8Y THE NG, 21~
2%5. THE DIAGRAMS ARZ TAKEN FROM AN UNPUBLISHED INVESTIGATION BY B. RAMSHAGE. &4 CO-

WORKER OF THE AUTHOR.

It will further bo obsorvad that ay very low
tomporatures, about -200°C, the saminal
cleavage strongth of this columbium steel {as
well as of other carresponding columbium-
alloy steels) is still surpeisingly high, abaut
20 kg/mm” {28, 500 psi). At this tomporatue
one will find the intorsection betwaan the con-
ventional cuives for ultimate strength and
viald strength, Coasequently, and acoording
to the interpretation of the NC-testing resulits,
this will simply imply that the stress level
necessary for tive propagation of an initlated
brittle fracture is of the same order of

magnitude, 1.0. about 20 kgfmm® . This is
higher than far most other atructural steals and
definitely higher {o¢ colunbivm steels than for
any other structural steol with 3 corvesponding
yvield strength as far as our itvestigations have
shown,

However, a great many RC-1W0sting investi-
gations have beon petformod and in all cases
thete is a very good relationship batwean the
temperatere for the imersection of the NC-
curve and the nominal vield strength curve on
one side and the critical impact levelon
Charpy V-notch testing on the other. The lat-
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FIG. 21. NC-DIAGRAM FOR 20 mm STEEL C IN TABLE i IN THE AS-ROLLED CONDITION. THE
TRANSITION TEMPERATURE 'rc (SEL APP. B) IS ABOUT -100°C.
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ter is defined as the lower change of the impact
curve at an impact value of about 1.5 kgm/cm®
{9 ft-1bs).

Even if it sounds peculiar a possible expla-
nation could of course be that the columbjum-
alloy steel for some reason does not react as
other steel types on NC-testing. In other
words, the NC-testing method should perhaps
not on the whole have been developed and
used, I can already hear now many of my col-
leagues will heartily agree with this opinion.
Still there is another and more reasonable ex~
planation.

It is necessary to bear in mind that even if
the NC-testing has been developed as a brittle
fracture testing method it is primarily a weld-
ability testing method with regard to brittle
fracture.

The NC-test bar is evidently simulating a
welded joint in a steel and the idea behind
this testing principle is that the steel sur-
rounding the welds is being attacked by sharp
notches in the form of natural cracks in the
welds during the testing.” Should it be so
that the steel has not undergone any important
change in properties around the welds the
testing results will of course give a picture of
the brittle fracture tendency of the more or less
unaffected steel. Were it so on the other hand
that 2 certain steel under the {nfluence of the
heat input {rom the welding is strongly affect-
ed that the occurred changas will have an im-
partance concerning the brittle {racture tend-
ency, in one diroction or anather, then this
would b2 disclosed by the NC-test bar.

] hava studied thousands of results on
NC-testing and | must confess that generally
there is pracucally a0 influence of such an
taportance such that one can talk abdut an
obvious difference batwaeen the bohaviar of
the unwelded and the welded steal. This might
sound surprising but it i3 sull a fact.

{ must also admit that | got very astonished,
indead, whon | compared the NC-tosting rezults
for the colutibium steels with the cetresponding
Charpy V-nstch curves. However, without any
doulr it was impossible 1o Initiate a true beite
tle fracture below the nominal yieid strength
at temperatures abave -100°C. SUll the NG-
diagrams olRained appeared guite noemal with a
failing NC-curve (along a straight Lise in the
garithinic stress scale) beiow the transition
tesaperature mentioned. Theteiore some good

e mensawe =

2]

reason for this behavior of the steel must exist,

Prom various other investigations we were
pesforming at the same time two probable expla-
nations, rather closely connected with each
other, appeared.

On NC-testing in general it is well-known
that even if a zone rather close to the weld
will become normalized by the heat influence
from the welding, this zone is too narrow to
have any pronounced influence on the safety
against brittle fracture of a NC-test bar. How-
ever, would this normalized zone have been a
little wider, an increased resistance against
brittle fracture would immediately be observed.
The results would probably have become some-
thing similar to what has been observed on NC-
testing of columbium-alloy steels.

However, a normalized zone alone will
naver be a complete explanation of the behavior
of the columbium steels. It has rather been
shown that on welding such steels a compara-
tively wide zone with increased brittle fracture
resistance will appear surrounding the weld.

The background is ths following investiga-
tion:

On heating a columbium steel up to §00°C
or higher, a more or less pronounced normali-
zation effect will accur tn a quite normal way.
Around 900°C it seems the normalizing offect
has reached an optimum with regard to the duc-
tility of the steel.

Further, however, wa have {ound that on

.simultancous plastic deformation of the steel at

elovated temperatures the steel cian be still
mare impeoved aceoording to. {or instance, im-
pact proparties, and this is not only limited w
3 rathor narraw tlamperature range.

Qur investigations, involving 3 certain
plastic deformation at temporatunes from 750°C
up 10 1000°C, Rave showh that 2 marked it-
peovemient of the impact strenqth and a still
nore proaounced decreass of transition tam-
parature wiil have ogourred after delormation
and haating at 800°C,

The optitrum of the improvements gaited
sooams 10 stour in the temperature rasge of
§50-900°C.

R is well-kaown, of course, that 2round a
weald a plastic deformation, which certaialy
cannot be neglected, will take place. Conse-
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FIG. 23. DIAGRAM SHOWING VARIATION OF YIELD STRENGTH OF 20 mmSTEEL (¢ [N TABLY 1 IN THE
AS-ROLLED CONDITION BUT AFTER PLASTIC DEFORMATION 5-10% AV VARIOUS TEMPERATURES.
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23 SHOWING THE CHARPY V-NOVCH TRANSS -
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FIG. 25.

CHARPY V-NOTCH TRANSITION CURVES FOR THE SAML _IEEL AS IN FIG. 23 AND 24 IN THE AS-
ROLLED CONDITION (RIGHT)AND AFTER 107, PLASTIC DEFORMATION AT 850°C FOLLOWED BY AIR-
COGLING. THE DECREASE OF THE LOWER TRANSITION TEMPERATURE HAS A GOOD CORRESPOND-
CNCE WITH THE LOWER TRANSITION TEMPERATURE ON NC-TESTING. A SIMILAR PLASTIC DEFOR-
MATION IN CONNECTION WITH "HE WELDING COF THE EDGFS OF THE NC TEST BARS CAN BE EX-

PECTED IN THE HEAT-AFFECTED ZONES.

quently 1t can be expected that not only a nar-
row normalized zone with gqood impact proper-
ties but a rather wide zone with stitl better im-
pact properties wiil be surroundirg a weld ina
columbium-~alloy steel,

The results of this investigation are exem-
plified by Fig. 23-25. [t will be seen that
transition temperatures of the same size of
order as observed »n NC-testing have been
found.

Fuither, and closely connected to the
above-mentioned experiments at higher tem-
eratures, we have also founi that a rather
strong improvement of columbium steels can
be realized after tempering the steel at 5~0-
600°C. This will still breaden the “sale”

zone around a weld in this steal.

The discovery of this particular behavior
of columbium steels offers indeed an improve-
ment regarding the weldabtlity of thas matertal
type. It also underlines that brittle-fraciure
testing with regard to welding technolegy is
not always attainad if the effect of welding 15
not included in the testing mathad, In other
words, the NC-testing method might be ahle
to offer at least some sort of useful informa-
tion abaut the function stabtlity of welds in
steel with respact to thy beittle {racture tend-

ency, particularly since the testing method is
based upan the most severe defects to be found
regarding brittle fracture initiatin in welds,
namely transversal weld cracking, which is
directly attacking the transformation zone of
the base metal.

Thare {5 anathor advantage connected with
calumbium steels 10 welding technology.
During recaent yvears & has been shown by
means o investigations n various countries
ihat many steels ugsed for wolded structure vall
undergo 4 certain embrittiement during stress-
relieving treatments at temperatures around
Q0 *C. So far as 1 knaw this phenomenon was
10 Germany rolated o low-carban high-
manganes»s steels. Ve have begn able to cone
firm thess rosults but we are not willing to
undetline the danger of such an embeittiament
50 styangly an have some German investigatary
dane, and we dy mxt carrelate it with highe
manganese oontents,

Apart {rom thig difference in opinion we
have beest able to show that even if 2 carton-
manganese stoel or & plain carbon steel may
suffer irom sech an eolwittlement tendoncy,
the phenomaaon can e vwery strongly pronmounc-
ad in centain low-alloy steols, Thiz 1 due to
changes in the carbon distribotion and partic-
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ularly to carbon concentrations (not carbide
concentrations) along subgrain boundaries.?

The columbium steels, which we have in-
vestigated, have of course been subject to
corresponding investigations. It is quite evi-
dent that they have no tendency to temper em-
brittlement at stress-relieving temperatures.
Further, on comparing a series of plain carbon
steels, C-Mn-steels and corresponding alu-
minum- and columbium~trea ed steels®? it

_appears that the contents of soluble aluminum

may be the main cause of the embrittlement on
stress-relieving rather than high-manganese
contents, and that a columbium addition will
inhibit this effect almost completely. For
example, the Charpy V-notch 20 ft-lbs level
was raised after annealing 24 hrs at 650-700°C
in the order of 30-40°C, depending on scluble
aluminum contents, but not at all for colum-
bium steels. As was shortly mentioned pre-
viously, there is rather an improvement in
ductility after annealing columbiam steels at
suitable temperatures in the range of a normal
stress-relieving treatment. This is still an ad-
vantage from the welding technology point of
view.

To summarize, columbium steels, in which

columbium has been added as a micro-alloying
element 1o a plain ca steel or a carbon-~

manganese steel, have properties which many

times ara better from the welding point of view
than what can @ expected after testing the un-
welded steel, This calls for an intensiiied
investigation prugram in order to confim such
a_rather unusual bohavic: of a_stiuctural steel.

i

Still it sounds surprising that a certain
steel typo will not reach its best xoperties

unti! it has been subjected o a serios of treat-
monts in cornection with welding, whieh are in
most cases supposed Lo impair the steal or,
under good conditions, kecp it practically un-
changed. It is true that o sufficiently wide
axperience of columbium steel in welding fabri-
cation may still be failing, but our oxperience
until now sesms o have confirmed all what has
boern said above in any respect.

APPLICATION Of COLUMBIUNM STEELS TO
WELDING FABRICATION

i shall not go deeply 100 what can be said
about columbium-steel application to welding
fabrication. These steels can without any
doulx be recommended 10 be put into welding
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technology.

There are still some investigations to be
performed before we can feel quite familiar
with this unusual type of material, but still
columbium steels have already been used in
welding fabrication of various kinds--the most
well-known probably being pipelines for oil and
gas. Hence it would also be rather natural if
somebody would like to apply the columbium
steels as structural steels in a general mean-
ing as to bridges, house-building, etc. I also
feel quite certain that it will not be long until
they will appear in the pressure vessel fabri-
cation,

So far as we can see now, two different
grades according to yield strength may rather
easily be produced, the minimum upper vield
strength of these grades being about 37 and
42 kg/mm?®. Without normalizing the impact
properties are today sufficient up to 1/2 inch
plate thickness and by using normalizing or
other heat treatments, for the present neces-
sary above 1/2 inch plate thickness, impact
properties of these grades can be guaranteed
as for instance 20 ft-bs at -30°C/-40°C. The
various properties described above have shown
that from the weldability point of view the co-
lumbium steels may be regarded as having at
least the same weldability as the comresponding
plain carbon steels and carbon-manganese
steels, in some respects, however, being su-
perior o these material types in sections,
equivalent in strength.

Parsonally | am quite convinced that in-
stead of ingreasing the yvield strongth of
carbon-manganese steels to the bitter end, 1t
would be wiser to take the step over to the
micra-atloy steels, for instance the columbium
steels, by which a vield strongth, which can
hardly b reachad in carbon-manganese stoels,
can aasily bo ebtained.

Thore 15 also a tendancy within the ship-
building industry  start using steels with
higher strength than that of the prosent ship
steels. Actuslly it has already been soriously
discussad 10 prosent new rogulations, based
on new spocifications fos high-stroength ship-
buslding stoels.

1 have a fealing, unfortunately, that the
trend today is 0 be rather careful on suggest-
ing an increased yiold strength. The step to
be expected in this direction will probably not

el




lead to what is normally called high-strength
steels but rather to something which can be
regarded as a quite normal yield strength level
for carbon-manganese steels with a minimum
tensile strength of 50 kg/mm®. In other words,
having for years used more or less orcinary
carbon steels for shipbuilding, the shipbuild-
ing enyineers are now prepared to take the
first step into an already well-known steel
group, the carbon-manganese steels, which
have been used for years in connection with
welded structures.

This statement has by no means any
ironical meaning. On the contrary I think the
shipbuilders have been very wise by avoiding
to introduce the carbon-manganese steels with
a rather high strength in shipbuilding industry.
Anybody, who has an experience of welding
in shipbuilding, must be aware that the con-
ditions under which welding at the shipyards
many times has to take place, does not per-
mit the careful handling that the carbon-
manganese steels need because of their lim-
ited weldability at plate thicknesses above
25-30 mm. The susceptibility to hardening
phenomena in the heat-affected zones in con-
nection with welding is indeed more than
well-known. Even if it is generally said that
welding without preheating may be performed
up to plate thicknesses around 25 mm, too
many cases of hydrogen embrittlement in mar-
tensitic zones along welds in these steel
types have occurred already at plate thick-
nesses far below 25 mm. Moreover, this has
heen the case under welding conditions, which
have been far casier to control than any weld-
ing oparation in shiphuilding, for instanca in
connection with pressure vassael fabrication.

One can rafer o quite a few such occasions
in Europe and 1 feal rather worried to havo them
opeated in shiphuildiag, and probably more
{raquently.

Neverthaloss the carbon-manganese steoels
are very much used in vatious branchos of
welding and 1 certainly do not want (¢ exclude
thom as steels suitable for welded structures.,
1 simply want to paint out that when wo have
been forcad to incroase tha strength of a cor-
tain stael "voe o such a dogree that the weld-
ability ¢ is for special attenyon, 1 would not
recommend such staels 1o he uned undor oon-
ditions where this speciat attention cannm
atways be paid. This ig indeed not said in
order to underestimate the welding enginvering
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in shipbuilding - it is simply a way of realiz-
ing that some parts of welding fabrication can
permit strictly controlled welding conditions
and others cannot. We have to regard this as
a fact that must not be overlooked, and remem-
ber that the weldability of a steel always must
be considered in relation to the welding con-
ditions which can be applied.

Apparently, however, there is a need to
adopt steels in shipbuilding which are higher
in strength but still weldable in the sense that
is to be connected with ship welding. If there
are not steels of this type suitable for the pur-
pose, let us wait and see and try to develop
them rather than to apply well-known types of
the desired strength, which are not only well-
known from previcus successiul applications
under certain conditions bu: untortunately also
well-known from unsuccesstul applications
unde; the conditions to ve considered.

It is easy to say that one should wait and
it is also easy to say that »ne should develop
a new steel type--the requirements of which
must be rather high. [ must admit that | am not
quite certain if 1 would have said what follows
five or six years ago, before the first results
of the micro-alloving technique had appeared.

Nevertheless, today 1 would definitely
recommend the shipbuilding industry to be more
careful regarding the weldability of new high-
strongth steels rather than the increase in
vield strength. In other words, as said pre-
viouysly, it is my opinion that it should be
wisar tq specify a viald strength of the new
stoels that will not permit the use of carbon-
manganese stoels but rather requires some type
of a micre-alloy steel, whatever the micro-
slloying eloment may ba,

This must not ba ragardad as a recommenda-
tion to start using columbium aicra-alloy steals
or any other typée oo goon. It should rathar be
recommanded that such $tacl typas ought o e
intensely invagtigatad with regard to any prop-
eriy that haz an impartance in nnection with
welding in shipbuilding. Thig may take a lit-
tle Ume, but it appears o me more realistic
te I interested 18 new and promising steel
typos than 10 e lieve 10 stoels, which have
already proved 10 1o legs suitable for unfavor-
able wolding conditinns.

It also ocours o fae that what the ship-
builders are Ihoking for with respect o in-




creased strength, safety against various treat-
ments and reasonable costs will probably be
met by some micro-alloy steals with a minimum
upper yield strength of about 37-45 kg/mm?.
Such steels will obviously meet the strength
requirements and are in the same time from the
weldability point of view placed in the prefer-
red part of the steel group to which they be-
long because of the comparatively low-strength
level within this.

COLUMBIUM AS PART OF COMPLEX STEEL
ALLOYS

It is not my intention to go deeply into a
lot of complex steel compositions, in which
columbium is one of the important elements.

1 would like to mention, however, that our in-

terest in columbium steels has not been limited
to micro-alloying structural steels with colum-
bium as the only micro-addition.

It has been mentioned avove that columbiur,
steel from the yield strength point of view may
cover a range of 37-45 kg/mm® and it has also
been said that increasing columbium conients
is not the main mean to raise the yield strength
within this group of steels. It is rather so that
from many points of view it is preferable to
keep the columbium contents rather constant,
at about 0.02-0,.03%, and change the carbon
contents and/or manganese contents in order
to reach various strength properties. This will
limit the weldability of the steel group in the
way that at an upper yield strength level of
45-50 kg/mm®, the carbon and manganese con-
tents have had to be increased to such a degree
that a further increase will drastically lim{t the
weldabtlity, 1Inordor to reach still higher yield
strength levels and, of course, in the same
time Keep other proparties as much unchanged
as possible, it has proved necassary to de~
valop more complox micro-alloy steels.

In the first place we have concentrated on
two further micro-~alloying elements W be used
in connection with columbium, aluminum and
vapadivm. Sce alse Appondiz ©.

A combination of columbium and aluminum,
as far as our expoeriance 1§ concerned, can be
summarized vory shortiy, It is doulrful and
peculiar. Until now we have not oen able
disclose why our results have hacome what
they have bhecome. On adding various amounts
of aluminum of the same size of order ag for a
normal fine-grain aluminum troatmant to a steel

e
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to which columbjum has also been added, one
will find that the well-known phenomenon of
formation of aluminum-containing sulphides is
very much pronounced. For some reason the
aluminum addition will completely change the
sulphide inclusions as shown in Fig. 26. Such
a sulphide distribution with long tiny aluminum~
containing sulphides has a most detrimental
effect on the bending proparties of the steel as
well as on the elongation. The steel will show
what has been called a pronounced "short
breaking behavior", We have investigations
still running on this type of micro-alloy steel
and in some cases we have been able to over-
come this detrimental aluminum effect but we
cannot always reproduce the heats which have
come out successfully, and, more important,
no particular advantages have been found.

We have been more successful by using a
combination of columbium and vanadium as
micro~alloying elements., It has proved that in
order to increase the yield strength level above
what can be reached by columbium only within
reasonable weldability limits, a further addi-
tion of vanadium in the same size of order as
the columbium addition will extend the yield
strength range with another 5-8 kg/mm®, while
the weldability seems to remain mainly un~
changed.

Besides an increased yield strength, a
vanadium addition will also cause a precipita-
tion hardening on tempering the steel witiun
the temperature range of 500-600°C, This is
an effect corresponding to that of columbium
which a further addition of vanadium will in~
crease. Therefore there may be soine advan-
tages connected with columbium-vanadium
steels which cannot be roached by columbium
stecls only (Fig. 27).

Another effoct of vanadium 1s, {or instance,
that after normalizing a columbium-vanadium
steal will not show the same strong decrease
in yleld strength ay if columbium was the enly
micro-atloyig eloment. Consequently in
practical production work oo lumbium-vanadium
steels may many tmes be proforrod simply bo-
causg hoats oo high in yield strength can be
vormalizod in order o fulfil the maximum vield
strength specified, while charges too low in
yield strength can be lemperad at a sultable
temperature in order to fulfil the minimum yield
strongth spocifiod. In both casoes the impact
progerties of volumbium-vanadium steel are
improvad and, actually, this steeliype should




FIG. 26. LONG TINY SULPHIDE INCLUSIONS IN A MICRO-ALLOY COLUMBIUM STEEL AS A RESULT

OF A CRITICAL ALUMINUM ADDITION.

always need some sort of heat treatment in
order to get a desired safety against brittle
fracture. However, in this paper | am not
supposed to outline the influence of colum-
bium in complex micro-alloy steels but rather
this element as a steelmaking variable itseif,
Therefore I shall not discuss low-alloy steels
with columbium additions either, but only
mention that we have a certain interest in
manganese-molybdenum steels and molyb-
denum-copper steols with small columbium
additions, the most pronounced influence of
which is an improvement of the impact proper-
ties and a stabilizing offect on the strength
properties on the whole after treating at nor-
mal stross-relieving tomporatures.

Thore are various phitosophles to be ap-
plied to metallurgical aspects on weolding
technology. Nobody would today be able to
say which of them is to be regarded as the
best ono. Porsonally | foel that nn ane should
bo catled more correct than anyone else pro-
vidod we are dealing with those on which the
enormous development of the welding tech-
nique has beon based - and wo must remember
that there are quite a few of them.

200 x

In technical considerations, however,
there 1s one mattar of particular importance -
consequence, This means conseguence 1n
making, rolling, treating, conurelling and
using materials, regarding steels as individ-
uals as to their behavior 1n a structure = 1n
other words, consequence in thinking.

A way of thinking, implying to collect the
very best of the best of methods, materials
and calculations will have no sanso if the
eonsequence 1s failing. We should nevor let

our ambition to do the best provent us to do
something goad,

I shall fintsn by quoting a collaague and
very close {riend of mino, who has recently
rotirad, Mr. T. W, Bushell, faormer Principal
Surveyor for Metals of Linyd's Rogister of
Shipping. Some years ago, during a discussion
after & lecture concerning the beittle {racture
problom, he summarized his thoughts by saving
“The explanation of the fracturing behavior of
a ship steel should primarily not be a matter of
teo much porsonal research prastige but rather
a problem of measuring the safety for the men
who sail our ships.”
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F1G. 27. YIELD STRENGTH VERSUS VARIOUS HEAT TREATMENTS AFTER ROLLING OF THE FOLLOW-

ING HEATS:
No. C Si Mn
3] .16 .09 1.23
32 .15 .08 1.28
33 19 .09 . 8%
34 T .07 1.26
35 A L1l 1,39

P s v cb
06,052 - .05
06,082 .03 .05
059 051 .05 .04
059,053 o .05
032 .038 - .056

THE DIAGRAM INDICATES THE YIELD STRENGTH IN THE AS-ROLLED CONDITION (TQ THE EXTREME
LEFT)AND AN INCREASED YIELD STRENGTH AFTER TEMPERING BETWEEN 500 AND 65¢°C DURING
| HOUR, FOLLOWED BY CQOLING IN THE FURNACE. THE DIAGRAM FURTHER SHOWS THE
CHANGE IN YIELD STRENGTH AITER NORMALIZING AT 920°C DURING 1/2 HR.. FOLLOWED BY
AIR-COOLING AND A FURTHER CHANGE IN YIELD STRENGTH AFTER HEAT TREATING DURING 1/2
HR.. FOLLOWED BY COOLING IN SAND FROM TEMPERATURES WITHIN THE RANGE 920-1080°C.

This 1s a necessary and important state-
meht based on human experience at its best.
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APPENDIX A
THE NWH-TESTING METHQD

In 1952 a Weld-Hardening test was dovel~
opad by the Author {n co-operation with Mr. G.
Bini}* The following description of the method
refers almost in detail to a later publication in
English.! At the beginning the method was
known as “"HF-~testing” but has later become
known as the NWH-testing (Noren Weld-
Hardening test):

A hardenability test was developed at the
ESAB laboratories in Swedon, for use {n cases
in which both the heating and cooling processes
are rapid. It has proved to be highly reproduc-
ible and w0 correlate wall with actual welding
experiance. The following dascribes in detail
the principlos underlying the tost, and tho ex-
porimental technigue.,

The rapidity of the welding process does
not allow complete diffusion and transforma-~
tion to austenita to occur in the heat affected
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zone. For this reason the Jominy test is not
ideal, as far as welding i{s concerned and in
fact the microstructure and hardness found in
the heat-affected zone of a weld, frequently
differ from those in the corresponding area of
the Jominy test bar.

The rate at which a Jominy bar is heated is
slow compared with welding conditions, and

this leads to complete transformation and ho-~
mogenization of the austenite. In welding, on
the other hand, the heating period is only 3 to
15 seconds; diffusion is incomplete and certain
alloy carbides, for example, are not taken
fully into solution.

Again a Jominy test bar for weldability
testing is austenitized at temperatures about
1100°C, whereas in the heat-affected zone the
maximum temperature reached is the melting
point of the material--a fact of primary impor-
tance, as regards the austenitization process.

Thus in the heat-affected zone austenitiza-
tion temperatures are found over the entire
range from A, to the melting point and at its
outer extramities the steel will transform only
partially to austenite. The Jominy test can
thus only refer to one very small part of the
heat-affected zone, whereas all parts are of
equal interest and especially the partially
transformed areas.

Moreover, since a Jominy test bar is held
at austenitizing temperature for an appreciable
period, the prior structure of the material has
little or no influence on the result. In welding,
on the other hand the prior structure is of vital
importance for tha bohavior of the heat-affected
zono, A hardonability test designod for the
study of welding problems must reproduce these
conditions of rapld heating and short-time
soaking at all temperatures up to the melting
point.

A turther poimt of porhaps secondary impor-
tance is that the heat {flow during cooling in
the heat-affocted zone 15 always from the more
suparhoated parts 10 tho less (with a minor
side~loss to atmosphere from tha surface).
This is not truly reflected in the Jominy test.

The size of the origincl Jominy test bar
makes it unsuitable for testing material under
1 inch thick. Cestain modifications have been
suggestad® , but It 12 still difficult w adapt
the test to matecial balow 1/2 lach. A harden-




ability test for welding applications should
utilize smaller specimens, preferably not re~
quiring material more than 1/4 inch thick.

Finally, the Jominy test is not very suitable
for testing low=-carbon steels or the shallow-
hardening types of high-carbon steel,

The Jominy test has been a valuable aid in

welding research. However, there is a need
for an improved hardenability test, designed
specifically for weldability studies, partic-
ularly with the increasing use of low-carbon
weldable alloy steels., It must be remembered,
that the Jominy test has been of greatest value
in connection with the repair welding of fairly
deep hardening high-carbon steels.

It would be unfortunate if the calculations
relating welding conditions to the Jominy test
were to be rendered obsolete. It is reasonable
therefore in developing any new test to corre-
late it as far as possible with the Jominy test
50 as to make full use of the valuable and very
extensive data which are already available.

All these requirements can be met by using
a single small test specimen heated by high
frequency, which is an inexpensive but ac-
curately controllable heating method. It is,
howevear, apparently necessary to test the
specimen not once but repeatedly under dif-
ferent cooling conditions. This type of test
was under invostigation for some years in the
ESAB laboratories, with the aim of setting the
optimum conditions. The heat source used was
a 1 KW high-frequency generator.

A sujtable test bar size is 5 x 5 x 150 mm.
The heating pariod finally selected was 6 sec-
onds, the generator being adjusted to bring the
high temperature ond of the specimen just up
to melting point. The procodure finally ar-
tived at is as follows:

As 1s skown in Fig, 28 the tost plece is
placed vortically with one end in a bath of
water maintained at +15°C (+#5°C) leaving a
“frac lecgth® of variable length F projecting
above the water lovel. The top of the test
plece is level with, and central in the heator
ooil. After a 6-soconds heating period, when
the top end should have just reached melting
point, the goncrator §s automatically cut out.
The heating cycle sots up a temparature gradi-
ent down the bar, from melting point down to
tho water bath temperature, and in the oooling
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F1G. 28. TEST BAR ARRANGEMENT FOR NWH-
TESTING. THE CROSS SECTION OF THE TEST
BARIS 5x 5 mm. APP, A,

cycle all the heat flows down to be absorbed
in the bath. Thus .ie 1nitial temperature gra-
dient and the cooling rate depends on the
value of F, the free length.

A series of tests is carried out, reducing
the free length for each successive test; the
values sclected are quite arbitrary, the Author
having used series such as:

5«7-8mm
5-10-12 mm
5+« 15+-25% - 50 mm, and sg on.

When the first test has been made, the froe
langth of the bar s cut off at or just below the
watar level, where tempar coloring ean bo seen.
The remaindor of the test bar 13 set ujpe at the
now free length, fresh water being added to ad-
just the water level and so the tests are con-
tinued.

The cut lengths are mountad in hakelite and
a longitudinal {lat 15 ground asin the fominy
tast v a depth of 0.5 to 1 mm. The grinding
must b carefully carriod out under a copious
stream of water to prevent any tempering of the
martensite. The test flat is finally polished,
and Vickers hardness readings are made with a
10 kg lpad at intervals of 0.5 to | mm alongthe
conter line of the flat. Where necessary the




results can be amplified by micro-hardness
testing in the areas where microscopic exami-
nation suggests local hardness peaks; these
results will clarify the macro-hardness curves.

With experience in the method it is pos-
sible to predict within limits the probable be-
havior of a material and restrict the test to
those F values which might be considered
critical.

Because of the use of high-frequency
heating, this test has at the beginning become
known as the HF test and later as the Noren
Weld-Hardening test.!
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FIG. 29, SECONDARY DIAGRAMS ACCORDING
TO THE NWH-TESTING METHOD POR A LOW-
ALIQY HIGH-STRENGTH STRUCTURAL STEEL.
(VICKERS HARDNESS ON 10 kg LOAD VERSUS
E-DISTANCE. CORRESPONDING T 2.5 x
JOMINY=DISTANCE - |.LAPR._&,

A complete hardeaability dlagram as given
by the NWH tast consists of 4 g8t of hardneus
curves for the vagiouz | valyez, as shown in
Fig. 29. The diagrams are similar to Jominy
curves with hardnoess on the vertical zcale and
cooling rate - hanizontally, in torms of the {ree
forgth F, which corresponds ia principls to the
distanee from the quenched end in the Jominy
test. The hardacss curves {or the different
valuas are ktown as enoondaty disucass, and
show the hardnoss variations occuarring in the
heat-affected sone at a given constant average

cooling rate. The fusion line hardness value
in the base metal adjacent to the molten zone
is plotted at a point corresponding to the value
of F as shown by the black dots in Fig. 29.

The remaining hardness readings for this par-
ticular test are plotted to the right of the fusion
line hardness, at distances corresponding to
the distances along the test bar., When all the

secondary diagrams have been plotted (Fig. 29
contains more than are usually required) the
various fusion line measurements (black dots
in Fig. 29) are joined by another curve which is
known as the primary diagram and corresponds
to the Jominy curve (Fig. 30).
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FIG. 30, PRIMARY DIAGRAM ACCORIMNG TO
THE NWH-TESTING METHOD FOR THE SAME
STELL AS [N FIG. 9. THE CORRESPONDING
JOMINY CURVE OF THE STERL AFTER AUSTEN]-
TIZING AT 11007C 1S REPRESENTED BY THE
DOTS . (VICKERS HARDNESS ON 10 kg LOAD
V3, F-DISTANCE. CORRESPONDING TG 2.5 %
TONINY -DISTANCE = |.) APP, 4.,
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ft haz keon poasible (0 correlate the ¥
values empirically with fomiay distanes. Under
the conditivns given (particularly of test bat
size) e correlation factor is:

Fe2.90

1 15 abvisusly conventent to seleciFvalues
which are muluples of 2.5, 5o thatall the cat-
culations made on the Jominy test are directly
applicablo to the NWi test,




With the NWH test the heating and cooling
processes in welding are more nearly repro-
duced. Atest which shows the variation of
maximum hardness with cooling rate will also
indicate the hardness variations with a given
heat-affected zone cooled at a given overall
rate. Furthermore the hardness readings can be
correlated with microscopic examination of the
microstructures obtained under various heating
and cooling cycles.

The test piece is small enough to be appli-
cable to most steel products, and the test is
accurate, highly reproducible and, in spite of
the preparation required for hardness testing,
rapid.

The test conditions as described are the
outcome of extensive experimental work. Good
agreement is found between the NW' primary
diagram and the Jominy curve {u sicels which
transform completely to austurite, at least in
the hottest zone, during the v-seconds heating
period. This is true in particular for carbon
steels of about eutectoid composition withuni-
formly dispersed pearlite. Alloy steels con-
taining stable carbides exhibit differences be-~
tween NWH aud Jominy curves which are ex-
plained by the incomplete solution and diffu-
sion of these carbides in the short period
available. As a result the hardness maxima
vary in the most rapidly cooled test pieces
{since the austenite composition 1s different),
and frequently the steels appear to be deaper
hardening, because the austenitizing tempera-
ture is higher.

A special advantage of the NWH test is its

ability to distinguish between steels of similar
convontional proporties, e.q. of equal ulti-
mate tensile strength. Differont offacts are
woduced not only by small composition differ-
enca but also by differances in peior structure.
Laminar inkomogenities in rolled plates, for
axample pronounced forrite banding, lead te
local hard spots in partially ransformed zones.

Sl LT
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APPENDIX B

THE NC-TESTING METHOD

The following refers to parts of a previous
paper:®

Testing Principles and Testing Method

It 1s assumed that the 1eader is familiar
with the principles of the two types of plastic
deformation of steels and other metallic ma-
terials. It is beyond the scope of this saper to
detail the two possible mechanisms of deform-
ation but it may be stated that the translation
{gliding) mechanism can cause a considerable
deformation, while twinning preferably takes
place under complicated stress conditions
and/or at low temperatures; from a practical
point of view the latter is insignificant.

In the following the term “brittle fracture™
refers to a cleavage fracture without appreci-
able preliminary plastic deformation of the in-
dividual crystals. For atensile test this means
that a brittle fracture has occurred at a nomi-
nal stress balow or only slightly above the
conventional yield point. Inthe first case
plastic deformation has taken place only at the
fractured section and is hardly measurable,

In the second case a small amount of plastic
deformation has oceurrad in a large material
volume of metal ang the fractured surface ap-
pears “orystalline”, i1.e, the cleavage planas
of the individual crystals are clearly seenin
the surface.

Ty obtain fractury ax near ay possible
withaut deformation al temparatures whete usi-
axial stress gives rize W deformation, the og-
currenco of local and =omplicated triaxial
stresses in the malerial i qecasgary: ot ox-
ample. this occury in the gresente of a sharp
nateh:  at the oot «f the notch sven low
nominal stresses oan caune local plastic da-
formation, while the remhainder of the material
that 15 usaffecied by the multiaxial stross will
remain largely undaformed . The zoverost acich
effecy is cauged by a ctack in the material,




When loaded the material will deform at the
crack front. At low nominal stresses this de-
formation can be so important that the degree
of triaxiality in the stressed condition is suf-
ficiently reduced to eliminate the risk of frac~
ture. In consequence the notch radius at the
crack front will increase as a result of the de-
formation and will raise the level of triaxial
stress, which can cause crack propagation.
With a continuously increasing load, the in-
crease of crack racius is relatively quicker
and a new crack is necessary for a critical
stress condition to develop at a higher load.
If a shayp crack front is always present in the
material, however, the triaxial stress condi-
tion at a certain critical nominal stress may be
such that the material cannot resist a further
increase in stress even though locally de-
formed. Cleavage of the crystals at the crack
front then takes place and the fracture prop-
agates more or less rapidly.

By means of a brittle alloy welded on the
edges of a flat tensile test bar, the conditiens
mentioned can be realized while cracking is
continually occurring in the weld metal, as the
bar is exposed to an increasing tensile stress.
At a certain critical stress, depeading on the
testing temperature, a more or less brittle
fractura is ohtained from one of the sharp
crack fronts present. This critical stress,
which is defined as the highest nominal ten-
sile stress a steel can maintain in the pros-
ence of an undeformed crack without the ind-
tiation of a propagating fracture, is the so-
called nondnal cleavage strength. It appoars
to the author that this is a characteristie
xoperty of o steel and might be useful in
strongth calculations. Considering the prob-
iems associatad with the eittloncss phenom-
enan of a steel, the author has stated the fol-
lowing seven points as a basis for NG~
testing:
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1. The conventional yield point of a steel
rises continuously and the plasticity at trans-
lation falls continuously with decreasing
temperature.

2. Above a certain nominal loading the ini-
tiation of a fracture at a sharp notch, such as
a crack, can only he prevented bv plastic
deformation of the crack front.*

3. The less the plastic deformation, the lower
the nominal load required to give a stress
condition at the crack front that will cause a
cleavage fracture.

1. In consequence the maximum nominal load
that a steel can sustain without cleavage
fracture at a crack front, i.e. the "nominal
cleavage strength, " decreases with falling
temperature.

5. Further, as the cleavage strength depends
on the plasticity, it must decrease continuous-
ly with falling temperature.

6. Curves showing the rise of yield stremith
and the decrease of cleavage strength with
falling temporature raust intersect at some
temparature.

7. The intersection point of the curves can e
taken as the transition temperature of the steal
above which a fracture can start only after the
occurrence of plastic deformation in a large
volume of material but helew which the {rac-
ture start and progress require aegligiblo tecal
plastic deformation in the fractured section
{i.e. brittie fracture).

In & similar way to the yield point, the
nominal cleavage strenoth is o characteristic
of avary steel for a centain stratn rate, domh
of notch and sharpness of aotch. As jrevious-

* By “nominal loading™ is meant the styess calculated on the tolal cross~-sectional area of the test
piece (including welds) until the welding fractures. As soon as a orack starts ip the welding all

the applied bad i5 transferred to the total crogs-sectional ares of the welded test ploce loss the

are2 of one of the welding layers. The investigations have shown that the chance of {ractures
cacurring in both welding lavers at the same ice and opposite aach other is very stmail. It can
be added that the cotroction due to the layers of welding has little eifect compated with the
normal divergences in, for example, the yield point of normal test pleons taken in different po-
sitions in the test material. No great error will ocour in practice if the calculations are made
with the area of the test piecce belore welding. However, such an emror should axt be made even

it 1t has lttle effect.




ly stated it can be expected that the cleavage
strength, as the yield point, will vary con-
tinuously with the temperature, provided that
the other conditions of testing remain constant.
2t the defined transition temperature, the
cleavage strength coincides with the yield
strength. Later it will be shown, however,
that this transition temperature called T, does
not represent the one below which brittle frac-
tures occur and above which only fibrous

fractures {shearing fractures) take place.
Typical crystalline fractures are also observed
at temperatures slightly above T, and obviously
{this is discussed later) another and higher
transition temperature called T, exists above
which nothing but shearing fractures are ob-
served. In principle T, and T, cormrespond to
the two change points of a temperature~impact-~
strength curve. The dimensions of the NC-
test bar and the welding of its edges are shown
in Fig. 31 the rate of loading used is 10 mm/
min., and before testing the tast pieces are
cooled in a suitable medium such as solid car-
bon dioxide, liquid oxygen or the like. The
temperature is measured by a gauge, which is
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FIG. 31. TEST BAR TYPE USID YOR KO-
TESTING. APP. .
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thoroughly isolated from the influence of the
surrounding air, and the temperature is regis-
tered by a resistance thermometer. Before
testing, the specimen, fitted in the grips, is
allowed to warm up until the desired tempera-
ture is nearly reached, whereupon the load is
applied.

Testing Results and the Relationship between
NC-Testing and Other Methods

A great number of static NC-tests have been
carried out by the present author and others,
and it has been found that the critical tempera-
ture at which the yield-strength curve and the
curve of the nominal cleavage strength in-
terest, T., is located without exception within
the same temperature interval as the lower
change point of a Charpy V-notch curve. As
far as ordinary low-carbon structural steels
are concerned, the transition temperature re-
ferring to NC-tes g cormresponds to a numer-
ical value of the Charpy V-notch impact
strength between | and 3.5 kgm/cm?® (about
6-20 foot-pounds}. The critical impact
strength value, however, is not independent of
the vield strength of the steel. (This will be
shown later.) Fig. 32 shows the relationship
between the NC curve, the yield-strength
curve and a Charpy V-aotch curve including the

FIG. 3. DIAGRAN SHOWING IN PRINCIDLE
THE RELATION BETWEELR THE YIEtD STRENGTH
CURVE. THE N3 CURVE (THE NOMINAL CLER-
AGE STRENGTH). THL CURVE POS PROPAGATION
OF A BRITTLE PRACTURT ACCORDING YO THE
NG-TESTING METHOD AND THE CHARY V-
NOTCH IMPRCT CUZVE. AP, B,

positinn of (e tvo itaniilion (emperaturas Ty
and Tu. The way the impact cutve as well as
the WC cutve fall off at higher temporatures
shovld be noted, In both Cages this means
that in caloulating the enetgy absotplicn and
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the nominal cleavage strength respectively,
one has not paid attention to the reduction in
area, and the values obtained are too low. The
reduction in area, on the other hand, shows
that the material at the testing temperature
possesses a higher degree of plasticity. Con-
sequently, the upper change point of the NC-
curve as well as that of the impact curve
simply imply that at this temperature the steel
has reached a temperature range within which
complete s.earing fractures arc obtained. An
attempt to {ind a numerical value of the upper
change point of the Charpy V-notch curve, as
has been found with regard to the lower change
point, has failed, a fact that Matton-§iSberg*®
has underlined in connection with his interpre-
tation of impact strength curves. Nevertheless
the upper change point of the Charpy V-notch
curve will always b2 found at practically the
same temperature as the upper change point of
the comresponding NC-curve. No correlation
exists between the numerical value of the
Charpy V-notch impact strength at T, and the
level of vield strength or nominal cleavage
strangth at the same temperature, however., On
the other hand, whare the two latter properties
coincide, there is no doubt that the corraspond-
ing Charpy V=notch value falls within a com-
paratively narrow temperature range. The pant
of the impact curve botween the lower and the
uppar change point, whoroe the steepest slopa
is to be {ound, as wall as the part of the NC-
curve batween T. and T., wpresent the tem-
peratyre range within whiea gsefficieont plas-
ticity of the steel ocoury 1o permit transiation
at a4 crack and in a large volume of mateniall
yat the material hay insoificient ability tor
plastic deformation and for absorption of ensigy
effectivoly to stop a Kopagating fraciuts.

- m e W om omomowm oW W omomow

Bath trangition empetatures, T and
are wapariant with tegard 12 the tendency of
welded strutures o britile fraciure. Siaply,
T i3 the lowest teaparatnte at whivh a tael
can sitll deform plastically despite the frese
onde of cracks and above which the welding
giresdes ate protably of so tonsegusnse. Ihe
temperature Y. 18 approxitssiely the ane above
which a steel may b regarded as crack-
attesting dus 1o the socurrsticre of itye shoating
franture. istessinng canverning the o
tanoe of the towes tumperature T i cotineclion
with welding stresses have been poldiched by
Soote, Bovd, and dthers™ 7% and by means ot
RO tosting it has been possible to put forward
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experimental evidence to support the valuable
contributions of these authors (see below).

Finally; before certain features of the NC
test results are interpreted, the following must
be underlined as one of the most important
statements concerning service failures through
brittle fractures of welded as well as unwelded
structures. The presence of a defect in the
material, representing a severe notch-effect
under the loading conditions applied to the
structure, is necessary for the initiation of a
fracture and for the increased risk of a service

fajlure when the temperature falls.

In the absence of a notch, the strength of
a steel will increase as the tempezrature falls.
If a notch of the same sharpness as that used
in the Charpy Y-notch test is cut in a tensile
test~bar, e.g. Tipper-test specimen, no
detrimental influence will occur i1n the s'rength
of the bar as the stress for fracture as well as
the yield strength continuously increases with
decrease in tamperature. In most cases a
noteh has to have about the same sharpness as
a true crack o be dangerous.

The Influence of Temowrature an NG Guryes

It has been shown that a similarity between
an NC curve and an impact-strengih-temporas.
ture curve exists, and therefore 1t might
agzumed that tha two gurve types are ally-
enced by the zame property of the stecl. An
atiempt to oxpwess the whale curve 18 terms of
mathaematicy would probably o unsuscessiul
because of the complexity vaused by the e~
duciian in atea of the testi-bat in shoar frac-
turing.,  Howewver, it might be posgible Yo fingd
a simpler low exprozsimg o shape o1 the
cusves within the leaperalure rangs whetre lest-
Lars expetionce Htile foduction i area.

i & Charpy V-aolck cutve i3 Jompared with
an RO curve, 3z Baz beesy - one in Fig. 32, onc
will figd (hatl the @ain 23 of the lormer, e,
e patl with tha sleopest fope, coftesponds
10 a cospatatively ereall pant of the RO curve,
namely the odie sl 3bowe (Be poitt B intes-
e RUion etween the NG curve ard the yioid-
sttosgih corie . This seetas o show that 3 s
tetter o vee the KC cvutves foe 3 Closer sludy
of the part that iz vt intlvenexd by the redue-
tion i area. The geven Poinls swuwmanzing
the hagis for NC testing include the Zadt that
the slape of an RO cutye dopends dn the pos-
sihality of plactic daformation at the fromt of




the notch or crack in the welded layer. This
can also be expressed by saying that the cracks
in the weld can initiate a fracture if the test-
ing conditions are such that the test-bar ma-
terial has a certain resistance to plastic de-
formation at the crack front, i.e, if the re-
sistance to translation is high. A low nominal
cleavage strength within the temperature range
below the transition temperature thus_corre-
sponds to a high resistance to translation and
vice versa.

The resistance to translation depends upon
certain "external" factors such as stress con-
dition, temperature, iate of loading, etc., and
also upon scme "internal" properties of the
steel such as grain size, dislocation condi-
tions, presence of residual stresses and the
influence on the lattice of previous mechanical
and thermal history (aging, previous dynamic
loading, etc.). Generally the "external" fac-
tors can be controlled by means »f iesting
conditions, but the "internal" ones are diffi-
cult if not impossible to express by means of
the usually accepted physical definitions or
terms. The resulting phenomenon, which in-
cludes all the factors mentioned as well as
others that are not stated, may be called the
resistance to translation. It is not feasible to
derive an expression for this quantity in terms
of its different parts, as only a few of them
can be expressed with sufficient accuracy.

For the present, therefore, the following dis-
cussion will only include "“resistance to trans-~
lation" as a general term.

1t is obvious that this property is the ane
influencing the posicion ¢f the conventional
yield-strength curve, and therefore a correla-
tion probably exists between the influence of
temperature on the upper conventional yield
strength and on the nominal cleavage strength.
It can be shovmn that the yield strength is an
exponential function of the temperaturo and it
is possible to use the same type of exprossian
for the nominal cleavage strength. Tha author
has simplified the well~known expresxion

Y = (ped/RTX W
given in Ref. 29, (v = loading .ate, T < abse-
lute temperature, R = the gas constant, Q =

an energy of activation, r » “a small number*),
by using

X
y=a -

iy

The two variables are expressed as follows:

Ny =g =y (T, - ) (3)
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where O is taken as an expression for the
upper yield point at the testing temperature,
05, as the upper yield point at the original
temperature, and consequently N. the relative
vield point. T, is taken as the origin tempera-
ture and T, as the testing temperature at which
0:. has been measured. Finally, a. is a pa-
rameter used as an expression for the resist-
ance to translation under the prescribed test-
ing conditions.

A similar expression can be used for the
nominal cleavage strength, namely

N, === =a. (T, - T¢) ' (4)

which indicates a decrease in nominal cleavage
strength with {alling temperature in contrast ta
the increase of yia'd strength when the tempec-
ature decreases. Here 0., means the nominal
cleavage strength at the original temperature
Tas 0. the nominal cleavage strength at the
testing tempearature 7., and consequently N.
the relative nominal cleavage strength. Az a
result of the notch effect, the narameter a- is
not similar to a, in the fovegoing egquation.

Whan T, coincides with 1., the relative
yield strangtn as well as the relative nominal
cleavage strangth Ne have values of unity; 7.,
thercfore equals €., (the paint of tntarsection
brtwean the yinld-streagth gurve and the NC-
curve, i.e., the strangtiv of an NC test-bar at
the transtiion temperature as defined for the
mothod of testing). The use of Lg. {3} and (D
to obtain approaxtmate values of the sropariies
of the twa stonis with lemperature varialon
can easily be showa axparimentally,

The characiaristiey of steels, hiving the
same wieki strangth at the same transfrion
temporature bat difierent magnitadey of the
parameter & are reprosented by the curves
shown in Fig. 33, How the term T a0 bo -
placad by 1. ; the siopes of the curves given
by Eq. (3} and (4) can e expressed as:

Ny o> - T3 {T- ~ T ln &y {5)
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FIG. 33. SET OF NC CURVES WITH THE SAME
TRANSITION TEMPERATURE T_ (-20°C) 3UT
VARIOUS RESISTANCE TO TRANSLATION (a). 1IF -
THE STRESS IS PLOTTED ON A LOGARITHMIC
SCALE VS, TEMPERATURE. THE CURVES WILLBE
REPRESENTED BY STRAIGHT LINES ACCORDING
TO THE EQUATIONS GIVEN IN THE TEXT. APP,B,

N =a (T, - T) Inac {t)

Further it will be noted that tha straight lines
reprosenting Eq. (3) and {4) {Eq. 7 and 8) on a
logarithinic plot have the same slope as the
curvas at the transition temparature:

Ia Ny v 4T~ T In gy (n
S T T - T) e . )

Tha validity of th & atove-mentioned
aguatinng {at foast as apiroximate exwressions)
was chacked by compariag thearetical and
actual results of a large asumber o NG tosts.

- W oo m o M M o A e B

It seems agorable 1o expoct that the
enorgy absrption in an URHACY tost at tompr-

Catures below the point of Interwrction totwoen

the 1we cutves of an NC diagram shouid e
sasigniiicant, bat it s move Ukely that Use
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energy level depends on the yield strength of
the material at the testing temperature, If
this is so, the energy absorption in impact
tests made at the transition temperature T

{for NC testing) should decrease with the yield
point of the steel. This would support the use
of different minimum requirements for the
critical impact strength of different steels de~-
pending on the yield strength,

Onz of the most important observations of
the investigations described is as follows:

Evidently a steel cannot possess both a
high nominal cleavage strength at low temper-
ature and strong energy absorbing properties
on fracture at higher temperature. For a steel
with a flat NC curve, the nominal cleavage
strength is considerable at temperatures below
T-, but the energy absorption in shearing frac-
ture will only be importar at comparatively
high tempearatures. On the other hand a steep-
ly sloping NC curve indicates a low nominal
cleavage strength below T: but high energy~
absorbing properties slightly above this tem-
perature. The latter type of steel has, there-
fore, a lower transition temperature for shear-
ing fractures T¢, than the former: a high re-
sistance to translaiion brings T, closerto T;
and vice versa.
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Interpretatuon of NC Diagrams

The following interpretation of an NC dia-
gram is based on the asgumption that the con-
tinuaus NC curve represents the nominal
cleavage strength of a steel: the latter 1s de-
fined as the highest rominal stresg a staal can
sustain in the prosence and under the influence
af a noteh causad by a crack and far particular
conditions of tosting. In effect, the NC curve
exprosses the nominal siress necossary {or the
ipitiation Af a btrittle fracture as a function of
temparature and for the other prescibed oon-
arons.,

1t Is impartant O recegaize that a fracture
vary geldom starts in an NG test~bar ymme-
diately aiter a crack necurs in one of the weld-
od odges of the bar. Therefore, the obszerved
mominal stresy 15 not the stress that RIOPsgAtes
the crack throogh the tested matental, bot rep-

renents the pamipal steess for imtlating @




fracture at the front of a sharp notch that is al-
most undeformed.

Another important assumption on which the
method of testing is based is that the energy
developed, when the weld cracks, is so small
that it gives no essential addition to the ap-
plied external nominal tensile stress.

From an examination of the brittle fracture
of steals and the characteristics of a steel, to
arrest a running crack, it is evident that (a)

a certain minimum stress must be applied to a
steel for an existing fracture to propagate any
considerable distance; {b) another minimum
stress, usually greater than (a), must be ap-
plied to initiate a brittle fracture.

It is now clear that the minimum nominal
stress for either purpose need not arise purely
from external loading but may be completely or
partly due to elastic prestresses, €.g. in-
ternal welding stresses, other residual siress=-
es, or high elastic stresses caused by an
elastic shock wave developed by a propagating
brittle fracture. The maximum value of the
last-mentioned type of stress occurs just in
front of the running crack.

Elastic prestresses of residual type may be
regarded as either a pure stress addition to an
exterral service stress or a cause of an in-
creased degree of triaxiality or complicated
effects of both. This leads to the observation
that a brittle fracture may be initiated as well
as _propagated over a_considerable distance
even if no extornal load has been applied to
the material. Inthis case the internal stress
must peach and maintain the required level
without any external addition.

It is {ar from rara that brittle {ractures
oceur in unloaded welded structures merely as
a consaquence of the walding stress level, if
a sharp noteh, e.g. a defact in a weld, s
prosont, It iz impartant to rocord that cracks
formed in this way usually have a vary shopt
"deadening distange”. This may bo interproted
aa indicating that the ¢lastic shock wave
farmed at the fracture front cannot maintain
the required giress level for more than a shont
tune after the internal stress has been re-
Uoved. The crack will tharefore stop when it
reaches pants of the matetial in which nommal
internal and external stresses are absont.

For a particular nominal stress. It has al-

ready been stated that the initiation of a brit-
tle fracture at the root of a sharp notch can
only be presented by plastic deformation at
the front. This critical stress condition de-
creases with decreasing temperature. How-
ever, there is another factor which strongly
influences the possibility of plastic deforma-
tion at a notch-front, namely the strain rate® -
the higher the straia rate, the less the plastic
deformation. The translation, the only type of
deformation which is of practical importance,
is strongiy time-dependent. For example, the
rapidly increasing yield strength of a steel
with increasing high strain rate in conventional
tensile testing, is well known. Thus at suf-
ficiently high strain rate, a brittle fracture
can also be initiated by a nominal stress which
falls well below the NC-~test nominal cleavage
strength at a particular temperature ~ the
greater the shock effect of high strain rate, the
lower the nominal stress level to cause a
cleavage fracture. The latter statement, how-
ever, seems only to be valid down to a certain
limit characterizing each particular steel.

There are certainly experimentaldifficulties
in the accurate determination of this limit for
a steel, but a reasonable apptoximation ap-
pears to be provided by a feature of the NC

curve. It is known that in the temperature
range of -150 C to -200 C almost completely
beittle cleavage fractures occur even with uni-
axial stress application. Slight plastic de-
form. on may be unavoidable tn tensile tests
made within this temperature interval or at stitl
lower temperatures, but from a practical point
of view this unawoidable deformation ean be re-
garded as negligible. Tho above temperature
range may therefore be associatad with nil
plastic deformation of a steel. Conseguently,
no_plastic deformation can Ggeug at a crack -
front wathin this range. Thus, if an extrapola-
tion o the straight Ung given by an NC curve
on logarithmic scala 13 made down to say

=200 ¢, a valua of the nominal eleavsyge
strangth 15 obtained which ig the lowest nomi-
fal sigess that ean couse a cleavaus {ragture
at the fromt of a ¢rack. This lunit valup, here
catled U,, (p for propagation) 13 aothinag but
the nominal cleaveae styength when for all
practical purpese any form of deformation can
be oxcluded.
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It 35 guite evident that a typical wondition
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of stress in a steel when negliqible plasticity
occurs at a crack front, is asgoclated with a
propagating brittle fracture. The essential
factor that prevents plastic deformation is the
high strain rate, since the influence of the
strain rate predominates that of temperature
over a wide temperature range. Cleavage
fractures can progress as soon as the nominal
elastic stress exceeds a certain level. A well-
founded opinion is that the nominal stress level

required is approximately the same as the
graphically determined value.

It is important to note that initiation and
propagation of a brittle fracture apply to the
same phenomenon, and the term "propagation”
can be replaced by "coutinuous initiation".
There is experimental evidence, which con-
firms that propagation can be interpreted in
this way.

P VU P T,

The 0., -level may be regarded as an ap-
proximate value of the nominal stress which is
the minimum demanded for continucous initiation

of a brittle fracture {propagation).
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The NC-testing method has heen described
in several other papers ~°%?37%% and the fore-
going description might be completed by quot~
ing another ona:®

The above-mantioned will underline the
importance of the slope of the NC curve ~ the
steeper the curve the lower its eritieal stress
for propagation of a Ixittle fracture.”™® Ac-
cording to the NC-tasting mothod stress lovels
nocestary for esttle fracture propagation as
tow as about 0.5 kg/mm® have {airly trequently
baen found for ordinary carbon steels. How-
aver, avan if such low values may o ragarded
as exceptions, unalloyed structural steels
with eritical nominal stress lovels for bnttle
fracture propagation exceading -8 kg/ram” are
not often observed,

Further aspocts on the slope of the NC-
curve and g impartance have boon discussod
in provious papers.”™® To summarize, a steo!
for welded structcres should Rave a low cniti-
cal temparature T, and an NC curve with the
smaliest possible steepness.

The importance of the tempzrature 1. will

e en T A R -
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appear more clearly when it has now been ex-
perimentally proved that below this temperature
welding stresses may have a most detrimental
influence on the stability of a welded struc-
ture, while they at temperatures above T, do
not seem to have the same serious effect, if
any. A detailed discussion of the effect of
welding stresses® ™" ~® should not be repeated
here but only exemplified by Fig. 34, It shows
that under influence of welding stresses the
part of the NC curve below T, has no practical
importance. Consequently, below this tem-
perature only the stress level necessary for
propagation of a brittle fracture has to be con-
sidered, while an initiation of such a fracture
may be caused by any service load added to
residual welding stresses, if the total stress
level will then reach the actual NC curve at a
certain temperature.
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G, 4. EFFECT OF WELDING STRESSES ON

THE NC DIAGRAM. THE PART OF THE NC CURVE
BELOW THE TEMPERATURE T (THE INTERSEC -
TION POINT BUTWEEN THE NC CURVE AND THE
YIELD STRENGTH CURVE)WILL NO LONGER
EXIST AND THIS PART OF THE CURVE WILL BE
REPLACED BY A CURVE. WHICH SHOWS THE
CRITICAL STRESS LEVEL FOR PROPAGATION OF
A BRITTLE FRACTURE. ARP, B.

Thiz can also be oxpressed by saying that




residual stresses alone, caused for example by
welding, canreach a level high enough for
initiation of a brittle fracture, while such a
fractuire will never propagate, if the nominal
stress level due to service load is not suf-
ficient. Hence, if a brittle fracture has be-
come initiated due to residual welding stresses

it will run through the structure only so far a
distance that will be permitted by the energy
release and the area under influence of weld-
ing stresses, the so-called deadening dis-
tance.” ~®

In order to complete this way of considering
brittle fractures in steel with respect to stress
levels, the interpretation may be extended to
include the possibilities for a steel to act as a
crack arrester also below the transition tem-
perature T, . Without going into details this
can be summarized by saying that the stress
level caused by service loads in relation to
the nominal cleavage strength of the steel is
the factor, which is determining the crack ar-
resting properties of a steel below T.. If the
service stress is close to the nominal cleavage
strength at the temperature in question, the
crack arresting effect is small and the deaden-
ing distance of the crack comnsiderable. If, on
the other hand, the nominal stress acting on
the structure is lower or only a little above
the 0;. -level the crack may be arrested also
below T. .

This statement can be applied also to the
bshavior of a fracture when it is running
through a structure, passing welds and plates.
In and around welded joints the stress level is
always relatively high, while the nominal serv-
ice stress {n parts, which are not influenced
by woiding stresses, may be rather low. Con-
sequently the energy absorption will also be
very low, when the crach passes through a
welded joint where the chaevron pattern of the
fracture surface {s not very distinct- A higher
deyrea of energy absorption will be found when
the crack runs through parts of the structure,
which are subjoct to a low-stress level and
the {racture surface shows a pronounced choav-
ron pattern. The pattern will bocome still
more pronounced whan the propagation rate of
the crack is decreasing. The conditions for
peopagation of a brittle {racture through a
structure must therefore o dependent upon a
combined effect of

1. the cnenyy contents of the propagating
fracture,
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2. the nominal cleavage strength of the steel,
3. the 0;,~level of the steel,

4, the total stress level in the structure, com-~
bined by the nominal service stress and
residual stresses.

The function stability of a welded struc-
ture is determined by two factors,

1. the conditions necessary for initiation of a
fracture,

2. the conditions necessary for propagation of
a brittle fracture.

The conditions to be fulfilled for initiation
of a fracture is a total nominal stress exceed-
ing the nominal cleavage strength, and a tem-
perature, which is below the critical tempera-
ture T.. For propagation of a brittle fracture
the corresponding conditions are a nominal
stress higher than the one, which is critical
for brittle fracture propagation and a tempera-
ture below the upper transition temperature Ts.

It must be underlined once more that an
initiation of a fracture according to the nominal
cleavage strength diagram necessarily needs
a very sharp notch, i.e. normally a natural
crack. What is generally called a sharp notch,
e.g. A Charpy V-notch is not sufficiently sharp
to illustrate the nominal cleavage strength of

a steel,

- wm e mm weom oo ow o= e

With the background given it is now pos-
sible to dascribe how welded joints will offer
varjous deqrees of function stability to a weld-
ed structure. The expressions uneonditional
and conditional unstability, metastability,
guasi stability and_stability will be used.

Thus

a. provided that inftiation as well as propa-
gation of a brittle fracture can take place, the
structure is unconditionally unstable,

b. provided that propagation but not initiation
of a brittle fracturs can take place the struc-




ture is metastable, i.e. in practice function
stable on static ("resting") notch effects (and
of course in the absence of such effects) but
conditionally unstable on dynamic notch ef-
fects (i.e. in the latter case when attacked
by a running brittle fracture from surrounding
parts of the structure)},

¢. provided depending conditions for propaga-
tion but not for initiation exist the structure is
quasi stable (see below) and

d. provided conditions neither for initiation,
nor for propagation exist the structure is
stable.

The above-mentioned statements a-d need
some comments. In the presence of a sharp
notch such as a crack or a similar defect in a
part of the structure the circumstances shown
by Fig. 35-36 are in principle valid. This can
be exemplified by the following:

An unconditionally unstable part of a struc-
ture mav be where hot cracks, hardening cracks,
flakes, shrinkage cracks or the like have form-
ed, the nominal service stress of which at cer-
tain service temperatures exceeds the nominal
cleavage strength 0., in material free from re-
sidual stresses (= the area L in Fig. 3%) and
impact loads cannot be excluded.

On gufficiently high residual stresses, for
instance welding stresses, the part of the
welded structure is unconditionally unstable
already if it is subject to temperatures below
T. and a service load is not necessary for ini-
tiation or propagation of a brittie fracture {=
the area L in Fig. 36).

B R T

A motastable part of a structure is illus-
trated by M fn Fig. 5-36., In this case the
nominal stress is lower than the O.-curve ard
the prosence of “resting” crack notches
{"static=notch effect”) will not tead to any
brittle fracture risk. The area M of both dia-
grams exceods, however, the Ore~curve (s the
nominal stross hoecessary for brittlo fracture
propagation, “continuous {nitiation™}. On
“dynamic-notch effect™, i.e. if the part of the
structure will boecome attacked by a running
brittle fracture, stresses within the area M are
sufficiently high for the fracture 1o proceed.
The metastability will then change into un-
stability, but this is conditional. Since there
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FIG. 35. COMPLETE NC DIAGRAM, WHICH
SHOWS IN PRINCIPLE THE YIELD STRENGTH.
THE NOMINAL CLEAVAGE STRENGTH (BOTH AS
STRAIGHT LINES IN THE LOGARITHMIC STRESS
SCALE)AND THE AREAS WITH VARIOUS STABILITY
ACCORDING TO THE TEXT. THIS DIAGRAM REP-
RESENTS THE STRESS RELIEVED CONDITION OF
A STEEL. FURTHER SYMBOLS REPRESENT YIELD
STRENGTH (0 ), NOMINAL CLEAVAGE STRENGTH
(0 ). CRITICAL PROPAGATION STRESS FOR BRIT-
7L FRACTURES (0 ). LOWER TRANSITION TEM-
PERATURE (TC)ANIE%PPER TRANSITION TEMPER-
ATURE (T _). " APP, B,
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FIG. 36. SAME TYPE OF DIAGRAM AS IN FIG. 35
BUT REPRESENTING A STEEL UNDER THE INFLU-
ENGE OF RESIDUAL WELDING STRESSES. THE
AREAS OF VARIOUS STABILITY ARE MARKED AG -
CORDING TO THE TEXT. FURTHER SYMBOLS RE~
PRESENT YIELD STRENGTH (0. ). NOMINALGLEA-
VAGE STRENGTH (0 ). GRITICAL PROPAGATION
STRESS FOR BRITTLE FRACTURE (0 1. LOWER
TRANSITION TEMPERATURE (T ) ANB UPPER
TRANSITION 'rm.wamtmxni). APP, B.
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is always a certain arrest effect on a brittle
fracture on nominal stress levels lower than

0. {caused by a small but still plastic deforma-
tion adjacent to the fracture surfaces) the un-
stability will depend on the energy contents of
the fracture and the stress level within the area

M. The higher these are the more the unsta-
bility will approach the unconditional one (the
Oc-level). Even if a certain crack-arresting
effect caused by energy absorption within the
area M will take place in connection with a
brittle fracture, one must always use the terms
metastability and unstability for such stress
levels, since the deadening distance is always
considerable, if a brittle fracture has once be-
come initiated.

The term "quasi stability” is used as an
expression for a stability that is not quite true
and complete.

A quasi stable part of a structure (stress
and temperature area K in Fig. 35-36) is such
a part, which theoretically should be stable
because of the fact that the nominal stress is
below the 0..-level, but which is subject to
such a low temperature that considerable fail-
ures may still occur through a sudden brittle-
fracture attack. One can imagine a welded
joint in which, owing to welding stresses and
a notch effect, a brittle fracture has become
initiated. Let us further assumeo a low nominal
stress in surrounding parts (beiow U.. ). Under
these conditions the surrounding parts are
quasi stable. The crack will not propagate
further than the deadening distarce, byt 'ais
distance depends ypon the energy releave 1n
connection with the 1nitiation, This cau gel-
dom ba foreseen and the quast stable state s
nothing to rely upan., A practical example 15 a
welded structure with a heavy plate thickness
under fabrication, Should a beittle ‘racture
bpcome initlated 1n an almost fimis ed woid
ciused by welding stresses and defects, the
daeadening distance wil! be long baecause of the
high-onergy rolease and the whale struetugo
may be spoiled (n spito of no additional serv-
ico lrad., Howevaer, ihould a ooarpespanding
fracture vceur in the structure, but at the bo-
ginning of the welc.ng. the deadering distance
may be only an {nch or two. Consequently the
trittle fracture will bocome arrosted, zinoe
thore is w0 servioe load acting ax a driving
force.

In both cases the parts around the wolded
joint are guas) stable, i.e. theotetically
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stable, but the conditions in connection with

the initiation of the fracture which may cause

this stability under practical circumstances‘is
not quite true and coiiplete.

One may now reiurn to a publication by
Kochend¥rffer and Szholl.® Also the NG-
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FIG. 37. THRLE-DIMENSIONAL NC DIAGRAM.
WHICH SHOWS IN PRINCIPLE THE CONDITIONS
FJ BRITTLE FRACTURE INITIATION VS, STRESS
{LOGARITHMIC SCALLE). TEMPERATURE AND
~OTCH RADIUS. FURTHER SYMBOLS REPRESENT
YELD STRENGTH (U ) AND NOMINAL CLEAVAGE
STRENGTH (UC)- APP. B,

testing results can be illustrated by the three-
dimerstonal diagrams schematically shown in
Fig. 37. This diagram with a logarithmic scale
on the vertical stress axis shows the yield
strength and the cleavage strength planes and
haw they are depending of the third variable,
tug npotch effect.
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APPENDIX C

SUMMARY OF RECENT INVESTIGATIONS

The result of additional investigations® on
the properties of niobium-(columbjum) treated
mild steel can be summarized in the fcllowing:

1. The solubility of niobium in austenite
could approximately be expressed by the equa~
tion

log (% Nb) (% C) = -2500/T - 0.63

For example with 0,20% C the solubility at a
normal reheating temperature (2200°F) is
slightly above 0.02% Nb.

2. The increased strength could be mainly
attributed to the precipit.. .on of mobium,
probably as carbide, with its maximum effect
at 1200°F, Coarse precipitates, which re-
mained undissolved during soaking, did not
contribute to any significant extent to mechan-
ical properties.

3. The transition temperature was raised
mainly bacause of precipitation hardening.

4. Annealing at temperatures above 1200°F
causeod softening because of coarsening of the
precipitate, The effect of precipitation har-
dening on mechanical and impact properties
disappoared after annealing at about 1 430°F,

5. Hardness increase after quenching from
solution treatment tompeoratures and subsga-
quent anncaling at 1200°F was 4-5 times

higher than after continuous cooling. This

indicatoy that during contrnuous cooling some
procipitation ocours at higher tempatatures.
No significant procipitation, however, was
obsarvad 10 the austonite when all niobium
was brought 1nto solution, When part of the
pracipitate remained undisgolvad, some dig-
solved niobium was precipitated also in the
austenite.

6. Cooling rate in the range 20° to 150 F/
min, measured botwoeen 1290° and 1110°F, had

® do Kazinczy, .. Axnas, A., andg Pachleit-
ner, P., "Some properties of niobium-

treated mild steel, " Jognkontorets Annaler.,

14734 (1963), p. 408,
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very small effect only on mechanical and im-
pact properties. Within these limits it did not
seem to affect the precipitation itself.

7. Precipitated niobium inhibited austenite
grain growth up to higher temperatures than is
normally observed in aluminum-killed steels.
Normalized niobium-treated steel retained its
mechanical and impact properties after over-
heating up to about 1900°F,

8. The ferrite grain size of normalized
niobium-treated steel was on an average ASTM
No, 10,3, which is smaller than of normal
aluminum-treated steels. The fine grain size
resulted in increased yield stress and improved
notch ductility, with a Charpy-V 20 ft«4b tran-
sition temperature around -80°F.

9. According to an investigation by Ronn¥¥,
dissolved niobium retarded the transformation
into pre-eutectoid ferrite and pearlite~-the
former resulting in a marked tendency to
Widmanstatten structure formation in continu-
ously cooled steel. Notch ductility is im-
paired if the structure contains substantial
amounts of Widmanstatten ferrite.

10, In the same investigation niobium was not
found to have any substantial effect on the
transformation into bajnite. The bainite forma-
tion occurs as in the corresponding base alloy
without any niobium addition.

11, Rolling temperature botwe~n {470° and
1830°F did not affect mechanical and impact
propaerties when the reheating temperature be-
fore rolling was 2370°F, A beneficial effect
of low rolling temperaturas {controlled rolling)
on impact propoarties, however, was observed
with a roheating temporature of 2200°F. In the
former case the entire structure consisted of

wWidmanstatton forrite and bainite or poariite at
all rolling temporatures. In the latter case the
major part of the {orrite was equiaxed, and the
oceurrence of Widmanstatten forrite decreasaed
with decreasing rolling tempoerature. It s
therefore believed that the benclicial offect of
controlled rolling can mainly be attributed to
the {ormation of smaller austonite grains, and
that tha presence of some undissolved procipi-
tate 15 a condition for this to occur.

e L, Ronn, Graduate Thesis Work at the Royal
Institute of Technology, Stockhoim, 1962.
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12. The addition of small amounts of Cr and
Mo to niobium-treated sweel increases the aus-
tenite grain size, whereas the addition of Al or
Ti decreases it. This was reflected among
other things in decreased yield/tensile ratio in
the former case, and in increased ratio in the
latter one, both in the as-rolled and normalized
condition. Notch ductility was affected in the
same manner.

13. The critical stress for vrittle-fracture
mitiation according to the Orowan concept was
decreased by niobium 1n the as-rolled condition,
but was restored after strain-aging or normal-
izing. Niobium-treated steels, finished in the
higher temperature range, did not exhibit a
Liders strain and revealed virtually no differ-
ence between upper and lower yield points.
This phenomenon also disappeared after strain-
aging or normalizing. Increased density of
mobile dislocations 1n the as-rolled condiuon
is offered as 4 common explanat:on,

4. Niobwu~ delays strain-aging in the tem-
prrature range of nitrogen aging by a time factyw
of 4 both n the as-roltled and normalized con-
Jditton. Th> maximum increase in yield stress
was also somewhat reduced. A posaible ex-
pianation 1s that some nitrogen 1s precipitated
with ninpbium, thus reducing the content of
dissolved nitrogen.

In an additi nal iavestigation by Noren aid
de Kazinezy 7, wreviously mentioned i the
paper, the embrittlomant of varnious stoels upos
stress relieving an the temperature range bo-
tween Y300 gand 1290°F wan studicdys 1 was
faund that the Charpy-V transition temperatarse
af o semikilled noamalized neobium-treated
steel gnerease-t Inssg than that of aluminume-
treated €tooly = the Wifopenee Lot - aticu-
larly pranounced woeer antealing ot 24 ar Wt
P00 ang L9,

Further additianal investigations have bean
perisrmed coneerning the weldabahity of
matium-tre ated steelz. Thene tfivestigations
include a great tumber of vartous experumenty,
i laboratory sedale an well as with the gtecl in
full-zeale welding produation, They may be
summarized by the statement that the welda-
Brlity f moabum-treated stecls within the eom-
pasI At meatianoed sn the paper hat
#oaved 1o b osuperiir (o gatbon-mangdancse
stveln and even plain cathon steels in plite
thickresse s o guivalent i alrength,
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Finally, promising results have been ob-
tained on investigating more complex micro-
alloy steels of increacsed strength in which
niobium is one of the micro-alloying elements.
Still more promising experiences as to the pos-
sibility of reaching considerably higher strength
levels of micro-alloy steels after proper heat
treatment have appeared, but for the present it
is too early to report any details.

Our present feeling concerning the appli-
caticn of micro-alloy steels for welded struc-
tures, and particularly with regard to those 1n
which niobium aione 1s the micro-alloy addi~
tion, is rather optimistic as to the strength
levels discussed in the paper as well as to
micro-alloy steels with still higher strength.
This can be illustrated by a diagram showing,
1 principte, the relation between yvield
strength and weldability for various steel
groups:

(dotted Line possible develop-

ment >t micro-alloy steels up —d
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The diagram shows appraximately the yyeld
strength ranges covered by plain carbun steels,
C-Mo-steels, virtous miero-ailoy steels and
love=atloy strels for weaded struvtures. On ins
ereasitg slreagth withn cach araap of stecls,
the weldabibity wilt brcome impaired, malnly
baeaune At gher catban contents and: ar cans
tents of ath o alloving elements, 1ol due th
increased hardeaatality. This ol imply, for
¢ samparal le strength levels of twen steed
gioups, that 1t i3 {avarable {rom weldabilny
fount of view 19 choose the atecl, wlneh wiil
faif il ¢he strength 2hpecificationg witlan the
Foavee pard af the possible steength ranae o the
group rathet thaa & steed that has th te ehasen
within the uppey patt of stz range {9 the same
strength,  Henee there s abwiousy o gond
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deal to be gained by using a micro-alloy steel
rather than a C-Mn-steel as, for example,
high~strength ship steel, provided the latter
has to be produced with carbon and manganese
contents very close to the acceptable maximum
figures to be permitted for welding. A micro-
alloy steel with corresponding yield strength
but lower in carbon and manganese will cer-
tainly withstand much more rough treatment
in the shipyard.

APPENDIX

EXTRACT OF INVESTIGATION FOR THE OFFICIAL
APPROVALOF COLUMBIUM MICRO-ALLOYSTEEL
AS PRESSURE VESSEL MATERIAL ACCORDING TO
REQUIREMENTS OF SWEDISH AUTHORITIES

The Swedish authorities have approved the
use of columbium micro-alloy steel in the
silicon-killed ard normalized condition for use
i pressure vessels and an extensive investi-
gation has been performed for this approval.
The Figures 38-48 show some results, which
may complele the foregoing report with respect
to impact strength, weldability and yield
strength at elovated temperatures, reprosenta-
tive for this type of steel. Various heats of
columbium micro-alloy stee! were investigated
and the one represented by the Figures 38-48
had the following composition:

CoO.l6 810,32 Mnli.42 PO.Q2e S0.017
Ch o026
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FIG. 38. CHARPY V-NOTCH IMPACT CURVE FOR
<5 mm PLATE THICKNLSS. APP. D,
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F1G. 39, YISLD STRENGTH YERIUS TEMPLERATURE FOR A NORMALIZED SIUCON-KLLED

COLUMBIUM STEEL ACCORDING TOAPP. D,
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FIG. 40. MICRO-STRUCTURE IN 25 mm PLATE
THICKNESS. APP. D. 100 x
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MICRO-STRUCTURE IN 25 mm PLATE

FIG. 41.

THICKNESS, 400 X
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FIG. 42. MICRO-STRUCTURE IN 50 mm PLATE
THICKNESS. APP. D. 100 x

MICRO=-STRUCTURL IN 50 mm PLATE
400 x

F1G. 43.
THICKNESS. _APP, D.
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FIG. 46. OP3ERVATION IN THE LLECTRON Mi-
CROSCOPE REVEALS THAT THE DENSER PARTS

FIG. 44. HEAT AFFECTED ZONE CLOSE TO FU- OF THE MICRO~STRUCTURE IN FIGURES ++: AND
C1ION LINE OF A WELD (4 mm ELECTRODE DIAME- 45, WHICH ON NORMAL LIGHT MICROSC(C:®Z
TER)AS A ONE-LAYER BEAD ON 50 mm PLATE LOOK AS MARTENSITE, ACTUALLY IS A TYP: CF
THICKNESS. NO PREHEATING. MAXIMUM HARD-~ LOW-TEMPERATURE BAINITE. APP. D.

NESS ABT. 325 HV. APP. D. 500 x ELECTRON MICROGRAPH 12, 000 x.

FIG. 45. HEAT AFFECTED ZONE CLOSE TO FUSION LINEC OF A WELD (4 mm ELDCTRODE DIAMETER)
AS A ONE-LAYER BEAD ON 50 mm PLATE THICKNESS, NO PREHEATING., MAXIMUM HARDNES3I ART,

325 HV. APP,. D, 1000x



FIG. 47. IN THL LLCCTRON MICROSCOPE THL COARSER PARTS O THL MICRO-STRUC-
TURE IN THE TIG 44 AND 45 ARE RCVEALED AS A HIGH TEMPERATURL BAINITE. APP. D,
ELCCTRON MICROGRAPH 12,000 x
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MG. 48, CHARPY V-NOTCH IMPACT CURVE FOR 80 mm PLATE THICKNUSS, APP. D,
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