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WELDABILITY AS A METALLURGICAL CONCEPT - WELDABILITY AS A PROBLEM COMPLEX IN STEEL
A DEFINITION METALLURGY

As a result of the heat influence to which The weldability concept in the widest sense
a steel is exposed in any form of welding, the can be almost completely covered by some main
material undergoes certain changes, some of groups of metallurgical phenomena which can be
which are permanent. These changes may oc- said to have an influence on the ability of a
cur as microstructure transformations during the steel to undergo necessary welding technology
cycle of heating and cooling, or as changes in treatment. These groups refer to melting and
shape or dimensions due to thermal stresses. solidification as well as to microstructure trans-
A steel which can be welded without applica- formations, temperature-dependent mechanical
tion of complicated precautions to avoid dan- properties, corrosion and oxidation phenomena
gerous consequences of these changes regard- or, in other words, to several possible changes
ing the stability of the welded structure is said in physical and chemical behavior. Detrimen-
to possess good weldability.: tal changes which can be expected to occur

under certain circumstances may be divided in-
If, for certain steels, on the other hand, a to seven groups and can be summarized as

normal welding process will imply serious dan- follows:
ger of causing failure in a welded componentdue o te cangs mntioed r i acualde- 1. Longitudinal weld cracking (solidificationdue to the changes rn,!ntioned or if actual de- c a k r " o r c s )
fects, such as crackl.ng, occur already during
welding or immediately after, certain precau- 2. Transversal weld cracking (shrinkage
tions must be taken or special pre- and/or cracks or "cooling cracks").
post-treatments carried out. Such steels are 3. Hardening embrittlement in the weld or the
said to possess limited weldability.1  transformation zone of the steel.

The term "unwvldarble steels" is not real- 4. Normal brittle behavior of the weld or the
istic. Any steel can he welded provided cor- steel below a characteristic critical tempera-
rect mnetallurgical conditions are chosen. ture and under severe stress conditions, e.g.
Sometimes, however, these conditions may be residual welding stresses.
impotsslble to realize In practical production 5. Embrittlement due to microstructure insta-
work. The rapid heating and cooling cycles bility of the weld or the steel at low and me-
applied to a steel by welding may be charac- biiy temweldtort e w
terized as a thermal shock influence or a series
of such influences on the steel. The weldabil- 6. Embrittlement due to microstructure insta-
ity grade can be regarded as the ability of the bility of the weld or the steel at high tempera-
steel to withstand this thermal shock attack. tures.

The weldability concept is complex and 7. Decrease of corrosion and oxidation re-
sistance of the weld or the steel due to resid-

therefore difficult to define. Still it is one of san weld or c erti m ic -

the commonly used metallurgical terms. It is

indeed not quite clear what is meant, in daily structure formations.

talk, by a weldable steel. Moreover the word Various metallurgical phenomena may be
"weldability" has a limited range of meaning the cause of a defect or change in properties,
and refers only to the base metal itself and how which is characteristic for each of the seven
this will react during a welding process. Con- groups, but within a certain group these phe-
sequently, there is a need for another concept nomena are rather closely connected as such.
including the whole welded joint and how its Hence a complete weldability investigation of
properties will influence the stability of the a steel should be performed with regard to
welded structure. Therefore, a term like these seven groups and a development of a
"function stability" of welded Joints is more new steel type for welded structures should
adequate and includes the weldability of the accordingly be directed towards properties of
base metal as an important and necessary but the steel which will not contribute to what is
not complete determination of the expression.2  mentioned under the seven groups witin th
There is a weld metal, too, in the welded joint, anticipated fabrication and service conditions.
the properties of which are more or less depend-
ent on the composition of the base material. 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 p.2eorties
of the steel and how they will change under the
influence of possible defects due to welding.

P,-ovided there are no defects forming sharp
notches, the yield strength of a steel will in-
crease with falling temperature and the plastic- FIG. 1. X-RAY PHOTOGRAPH OF A WELD SHOW-
ity will decrease accordingly. Independently ING PIPE FORMATION, WHERE CHANGE OF
of the testing method used, one will find that, ELECTRODE HAS TAKEN PLACE DURING VERTICAL
at certain higher temperatures, a steel will be- MANUAL WELDING. IN CROSS-SECTION SUCH
have in a ductile way and at certain ldwer tern- PIPES OR SHRINKAGE CAVITIES ARE TO BE RE-
peratures in a mainly brittle way. Between GARDED AS MORE OR LESS PRONOUNCED HOT
these two temperature ranges there is a transi- CRACKS.
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 triaxiality the higher is the
temperature at which the transition range be-
tween the ducti, and brittle behavior of a steel
is to be found.

FIG Z. REPAIR WELDING WITHOUT PREHEAT-It will be stated (p. 14) that it would n'ot be IGO UFC EETO AFIC

realistic to 3wje a we!ded structure to be free
iom, deales m tho welded joints. Such defects HIGH TENSILE STRUCTURAL STEEL PLATE. AFTER

will act as rnmst danigeous no)tches, and on THE WELDING TIE REPAIRED SPOT HAS BEFN
-oa welded GROUND. A HARDENING C(RACK ADJACENT YOcoinsidering the fuinction% stability -3 TH WEDHA PPAVI N H MRENII

structure, it is indeed ialrrtam tco bear this in THE WRANI HTI AON PPRE IN THE MARTNNSITIC
mind. On tho other hand, tlects in the steel
itself which are Iccalized far awawy fnm welds
may be regtrdir ris tvim) odi it>mpntanee.

which IS rtl• ;++ altaunt an~d bc• aft+ tan+ W'tDWflt•Sl•t.C ••Ct}' %

in. the test at the" itructuroaLk+tvuL• tr

+ ~t 1 MS l¢umtiai•4.LSa . Theat~lre areho man .•IL•T +O•O ~~:MS T ~,iG:'

typeOs of Pfkct•s•n wolds Tsr adijertcv " aI weId. ,

Which tnal± ... n reagardted ol Pawoss initiation ThA' ,
wintc texl a Ixlruli fracnne. a few oxm rpleý *f
which are Sh'awn an Fig. I-S..

Th~to at _ a1 gret mn ntdr eti~b
which 01V wadenocy CfaNaur )beh-yiot atk ýa
st0e1l at cnttain Wrprrl#con L* et 4nteint-d. _WPOORP FALWAThe0 frct !wt sple owpe is the im Nact teflri4. FI X3 \ RYPITORP rA O AW
which as tat", usef~ul pqt~vid4ed the $tf~ti rate WIDlITH CTR3iAWIfIhU.N OAc C1'THE PATAL,
on Initiating the ftacture at the noItch root0 MM1YtfV!NSCIV~Tw TIý'TA OF THEl P-A; OEWELI)
the test bat is. amtinly crwlrgw~ith ,SC DEET I m rTarMSTVG-rU

'tea eicuananes.Such -I lostri" nWýIhd ig DrWT RE;ON FOR I)I;TIHE orr ý#nt)4 ~ rwt
the Charpoy V.-mitch ult!;tn. utoe wcil-ionmvr. to 1"n TitBAEMETALVWt Ar aslIGHt PrEiorAMt-

qut th cailto of ý% MG COULD lVOIME pMtVtNitn) THE FOAMTIION

k

I'
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performed by a research committee of Jernkon-
toret in Stockholm, which states the following
about what can be gained u~y Charpy V-notch
testing3:

"Below temperatures, corresponding to the
tower change of a Charpy V-notch curve, a
steel may be expected to behave in a brittle
manner under conditions permitting an initiation
3f , fracture at sufficiently high strain rate.

"At temperatures below the range mentioned.
residual stresses, e.g. welding stresses, may
cause initiation and propagation of brittle 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 manner." FIG. 4. UNDERBEAD CRACKING IN A MARTEN-

SITIC TRANSITION ZONE CLOSE TO THE FUSION

This corresponds rather well with a British LINE OF A WELD IN A LOW-ALLOY STEEL. 1500x

investigation of much the same type4 and the
opiaion of G. M. Boyd.

In 1961 Dr. Georg Vedeler' presented an '

excellent report to the Committee on Ship Steel.
In this report he states that from a practical
point of view the problem of brittle fractures in
ships has been solved by tho present ragula-
tions. He also pointed out that the main prob-
lems for the shiphuilders woauld today be fa-
tigue cracks in the ships.

Concernirg fatigue crackiag he is no daoubt

right. but I c•anta quite agree with his sate-
Monat regardinig the1 ptiacical zolutionf of the
brittlo fracturei problem. Dubllessly he is
right by sayint; that the- now rieula•ions hatve
incraaed safety iqagnst brittle strvice fail-
ures. 1 must admit. vr, that so far as I
understand there will pirobably nvenr appetarany
fAtuguc erack it a shiLp that will prIpagate toan 11G. S, $TM$S$ CORRO$ON CRW$_S$ A401ACCNT
exltan that the ship wail fallI by a fatigue ffac- TO A WiVVD IN AN UNAo1* ) SaI., TIt

* ~~~tuzg in the cinventio.a meaung. Thr inpor- ~~~1S~p;p Nt~ At
trton of Catigu-e c~racki, in ships Lir ither or TIM PA.St r 4 WHICH iUAVt1 MLtN V, zittp
welded sttuctuves 5Sis m fr IV ryPoint Wf viewihAt INFLUENCE OF R1t5tDVU4L. WCL~L~G( $TREfl$
they may act as extremely dar4erns Iiitiautin
points for brittlte fractuivs by the-ir s;harp wqtch
affect in pans of the sbip, whef severe stnss

I d5o not think tat 5n a1 itletime of%. at lhip a -

In other words. if tihe nbttle fracture ,r w te t s
lamt is; flvad fram a practical pa Mf vi 4dto Vwe tiý-itt a re-sidual sheera fracturo wVill ocrcu:

du aOventading of thet re-maining uncracke-d
M .t see that fatigue cac-king could LV of sUC-h a
great tmportaitao. If they awe n-i any Ongar

.4
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On he the had, f bitte factre s sill yield strength of the base metal. There is no
On relthe oterthaindy ifv bitoe fraceturae iostn reason to believe, however, that welding

a relit, w cerainy hve o cocenrat on stresses will have another type of influence in
fatigue research in connection with welded ahg-teghselta na riayoe
structures. Fatigue cracking in or around weld- ahg-teghselta na riayOe
ed Joints Is probably one of our most dangerous -Many investigators have already shown
defects to be considered in connection with the that above the transition temperature, as we to-
function stabi lity of a structure. I would soum- day normally define it, welding stresses will
marize my viewpoints by the following: not-contribute to brittle failures. In our defin~i-

I . efets n wlde Jontsmosly'ccu inthe tion of the transition temperature, as measured
1. Dferts n wlde Iontsmosly ccu inthe by means of the Charpy V-notch test bar, we

weld metal itself. Cracking in the transition have already included a certain margin by stat-
zone can be more easily overcome. ing 1 5-20 ft lbs as a critical impact level for an

metas oftody hae nrmaly a ordinary mild steel. Therefore when we have
2.* The weld meas0tdyhv omlya found the critical levels corresponding to higher
very low transition temperature range with re- yilsteghanhvencudacorpn-

ford itationoa brittle fracture. Coseunty suhe wld ing margin of safety, I definitely believe in the
for nitatin o a ritle factre n sch eld successful application of these new steel types

defects is rather limited. in the welding technology.

3. Weld defects, however, can easily become For pressure vessels this is already a fact.
the starting point for a fatigue failure, since In connection with shipbuilding I personally
the fatigue strength under the influence of the thktathemiprbmishttemous
notch effect of the weld defect will be very thfn elastictilsilb the miprbeisam talsto themous
mauch decreased. If a fatigue crack, starting high-astrength milteials In principle theo borlt-
from o weld defect. extends ii: a direction hifr-cturent mrobemriall. beom thncpe stme whit-
where it will reach the surrounding base metal, teveracthre strethofbtem stell bcmay the.sm ht

there Is obviously a great risk for initiation of evrt semhoftetelayW
a brittle fracture in the steel, the transition I would like to finish this part of my report
temperature of which m ay be far higher than that b ttn htotfo yeprec ai
of the weld metal. This might particularly bW ous service failure of a welded structure %v 11
true with regard to the parts of the base metal -always culminate in somne sort of a brittle frac-
under Influence of welding Istres.,4s. ture. no motter what the foregoing reason may

iodeor lsosay m is epot'ýtha he haeo been--a weld defect, a tran~sition zoen
isiclndle t lo thnktays for hsteelwithat hch crack, a fatigue crack. etc. Therefore, I am

is iclied o thnk hatfor tee wih ~not willing toý underestimate the importance of
yield point one should have a larger magnalt to studym;i the brittle tehavior of stools for tveld-
thy' transitioni tetynoorature. and the definition of tcur.Inptclrthsteghoth
tht %sansition tomperature by mea*ns of a Charpy dlsrcue.I atclrto-tegho h

stv.,l under tOW influeceim of the sharpest Pns-
V- tw. 4h test should lxi at a higher entergy than e-lble- noctch (i.e. a natural craick) at low toes-
for otdinary ship steel. Nobady col W om -aturia a nd uU- er itvere woldinq trss con-
W111l1,4 to underlinte this th'at I .1m. somtl of my diio Thore aro many mewthtwds tod~ay which
Own hqw iv hotan that there is a wti Ni4splied to ,wch studies. otw of them

goo ra~n frtaingths.ixatno the NCwtr- Th.is method waiý do-

(in t"- iithiir haild, In oscu! of aplvitt %el-op in 11'51 "Or the dmetomnation al, the
nMWinal eleavavo Stv2'ngth' of a iwtel0 Sur-

high- strlowth steels to Woldc-d Structures. and ~myni-i a %volded P-int (& ilocent
in cse ~ ar abe todefne ateasatin ~invVestigations by pethnin and Mo-Aerhers soon

potature-by. fnr tinstance. tmtpact teatinq that t aefloe uhtesm ie st h
has oot reatin t pratieI srvle ~basic tdrasttabut the- (racture bhavior of steels

tioug. I doe not *-ee wh we havo to feat the high rlaintthItheo fsrsesar
eaiCStt~it5 1otches and varyirg temveraturS.

4Such. stresses will n~o douLKtfortm aireut- MIrj-LY, STEL
weldod taints in such stc-'als as Va~delet tightly
points out. It is also evitent that tesidual F~rom the woldalbility point al viow there is

wll strestes mswt be higher, rNeI igb"1W a gap batween plain carbon steels and C-1Mn-



steels on one side and low-carbon low-alloy You may regard the statements regarding
steels on the other. We have to find some con- "weldability" given as a background of this
nection between these two steel groups, and paper as "Elementary, my dear Watson. " Tf so,
the micro-alloy steels might be what we are I quite agree, but then I would only like to
looking for. I have already used the term make another statement: The simpler you can
"micro-alloying element" in the title of this build the platform on which your research work
Paper, and therefore I think I should go straight is based, the better it is. Further, the more
to the definition of this expression, systematically you can treat your problems, the

safer you feel. Simplicity, senses and sys-
What is a micro-alloy steel? It is a steel, tematization must never exclude the necessary

the basic composition of which is simply an un- brilliance of a successful research work, but
alloyed structural steel or, in many cases, a w~ill offer you a reasonable safety on applying
manganese alloy one or even a low-alloy one, your results to Practice. "Elementary, my dear
to which a small amount of an alloying element Watson" - it is all right and I do not care.
has been added--this elemenz having a very
strong and sometimes remarkable effect on one GENERAL INFLUENCE OF COIIJMBIUM AS A
or. several of the steel properties. On the MICRO-ALLOYING ELEMiZNT IN SITELL
whole, however, the steel is still character-
ized by Its basic composition as to its general Until now there has not been very much
behavior. The amount of micro-alloying ele- written about columbium as a steelmaking
menits to be added Is one or two Powers of ten variable. Technical information to be found in
less than would have been the case for an al- literature at the moment concerning the bohav-
loying element in the conventional meaning. ior of columbiurn-alloy steels, and information

gained by personal contacts with colleagues
Micro-alloy steels have been used for who have been investigating such steels is

quite a time. I am thinking of the aluminum- limited and contradictory. This seems quite
treated steelIs. in which aluminum certainly natural since th-ere aupi probably only a few
does act as a micro-alloying element. Other steel works having had columnbutw steels in.
examples of such eienients are vanadium, boron full-scale production. It is. our e.xperiance
and utitiuum. Still another is columbium. that rather few imPortant observations Can be

made with-out ptoduction exPorwance as to the-
As a consequerce of the definition a., what real !nfloonce of columbiuftai. a; A lak

I have c~alled micr-ý-alloy steels, one can spaak variable.
a beu U t aem-aa- L?~

_L_ j-jýaVlern t-bwevor. 45 -a 1ýds~fs for the vdpýen of
* ~ ~ ~ ektc. The a 0alyn lomient addod ~u~atysweei Af~d the, lterfvt In

to a baseo mmW51stion of a ý-Intal type will. 4!, those,~ee typo s. ~ow~lka~ infl~o'~e
*said abvove in cottain re~sp-&fes changeia ton tho vfi3;*ttis f -31 el LAY the iiý 1-4nv, 3!f
*stooel propetie~s eMw4- or letss draistically bust ral -3011 1 ', ;5 "_f i~nhi. ttt -'e MdCfM

ý,0 ho znueel behav~ar is Mainly dopendqat On m14qatladij OJA A.ý0-.O'-, ýilv K-t -&bW,0rV0~.
its lsic copstoi F%).stee there11 tý-j6UK h4 is na-t~I

will e mvet-7 otl ss f the- lae-'l
Tho influonee, of tqi,4 -alo-,eiz n is AV4 caus~a fait". .z ie~I;ie

by ~ ~ ~ ~ ~ ~ , , itas h sriti alcan. n

of elementi mAy eh~nee tho griqtn sAie. t!*,-t Tho in snaye4 t~h cile Of

cot~ai bng the r otatc ~tprn t~sol 'u~ iaa~t eets~ ~
~i tm r r fullr sin N4 404 sn* L- t'w w1&t I;tu. Aia0.ditiA:%i olýe 371n tho

ft*. etc. ytCl1d slm,ýth fr'am lln il at vviýOi
lily 1o 12w fond hit ".a fqf 1swý tho

* on-Ws on. the ixoprty (w theý popicrtjo-sj t~ t~t <1 ig .' 114_ ýtI sT ,4-ý 4 '
bWS6Mo Ite to be stabihb~e~ or citmod tp beiee.a;Mt

* Ea~~~~~Lt us naw turrn to thuv_ io ol calu*%. udi wye 1a sr h- h
aswul in ouot*tk-n vartble r*t Anattwt ttnývh tho

*thAt, ZU1 tin 1`%pifte and4 iýV t4,)
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to thle solution of this problem to offer.4z
Somne observations in the electron micriscope4
may, however, partly confirm the statements
of Bi~eser (Fig.. 6-7).

to

?I- 7. GRAIN MCNAY (2LMCIFNTITE AND

COLIA.. 1BIUM (tddiIDC PRECIPITATION I NTH
---... PERRITL: AS WELL. AS IN SUJUGRAIN BOUNDARIFF

______I__ IN A CAR13O-N-- MANGANESE: STE I, AS I N IF0 I

B UT WIT H V. - 1OT, COWUMBilU M. THE C OWUM-
MGO. 6. GRAIN BOUNDARY CPMUNTITE AND CO(> 'tU CAvD,~CPTTEI A 0RE
LUM3IUM CARBIDE PRECIPITATION IN THE1- MR- THAN I N TU H rOCREGOI NG R1GURE. IZ EC T R0N
RITE Or A CAR11ON-MANCaNESýE SMTEEI. WITH MICROGRAPH I i. Gau.

ý0 C0~1-UMMUM.fl ELECTRON MICROGRAPH

21~~u U.S.A.t- and ki$
0

tctA w'outnes Al---x

kz4C: 4:ý at% ~1v4clo~t4g
Ant -nWe lto v-e ,?L-lte\ ih in aze ehtt tctt'ttze f-At to)-

ks~$44f thtt(O $~$itfC' iwniva~iintit Clt'4f~t~tC!.,it tht beOa
niwo: aIVtI~SI IO~tt~ftS ~bt~h~g~i ~ e4 poor t&-C OnhA;t fvta cl• t;t

fd- iti-rat tvte~r~.ti- tl wtit 4 1ttm. cf td. f 4 P la'c

'ft~t imv% 'fully ktilkd- ew.-pt c4~l -t-h±r vcm; I fzkIva
~C~g-~:'sv ~ v tcci- Ixra-tl tz t

M .V4 act NI o -,24% mape l
1wtvun, ttcý reip4it w-chwiolouP-'.V 4b
ploei:- lvctr fat onily T,9ICh aC~ac

stcxnit ;*nwVtq414-k1V C- lhy Iai~*4ScfT~ 1 tr~c, h~;t 4 vin rpzzt oh•tmc V-4 I kts ca

SIna¶1 &-Addj El nb~ b'-d wr~lhicn a
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drastic change in existing regulations for weld- C 0.10 - 0.,1
ed structures. Further, a good deal of the low- Si 0.03 - 0, 30
alloy steels will not stand the rather rough Mn 0.40 - 1 .60
treatments which can hardly be avoided in most Nb 0.00o - 0.05
of the welding shops.

Within the above-mentioned ranges we
With the exception of aluminum, and to a have paid most attention to the following three

certain extent also boron that is used prefer- steels, which mainly differ from each other
ably in combination with low-alloy steels, with regard to the carbon contents:
e.g. molybdenum steels, the use Of micro-
alloying additions is quite a new field of steel TABLE I
metallurgy. In the invitation letter from Pro-
fessor Chipman, ha asked me to present my

most recent thoughts about columbium as a
steelmaking variable.

C 0.11 0.22 0.1Z
May I say that I have experienced this St 0.03 0.03 0.20

sometimes confusing alloying element in a M n 1 .0 13 1.3
way that any correct or, at least, reasonable Nb 0.92 0.03
thought about columbium as a steelmaking
variable is indeed recent. Steel A has an uopr yield streMnth of about

-Lkq/jai (22,6ZZ 5 psO) while steels B LndqC
There is very much to be expected inl the show a yield point at room temperature :f aiout

future concerning our knowled;e o3f this sub- 47 kqm.. O rolled. It should
jeet, and for the present we have only touch- be observed that ahe difference in cnmposition
ed the problem complex which ±s promising so betweona steel B and steel C is lhtited t the
much. But the solutmin is still hiding behind c arbon contents and the silicon -ontents.
a mouai.n; of 'neessery investigations. There is an infiuutv.e of s.licon on the strengrt

of the steel, and therefore steel C may

MVTALLUKGICAL VARIABLES given a slhghtly to'er carbon perctaqe. T he.

10-i 2 Id v' 3ten. ti. f000;_)
In metallurgy we have thrite variýAbesr to tnz tEiLJnA 140O-TtO ý)
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kiled tesl;.andslcor.-Qvated steels with wbilt ;ty detieM-n upon h addin tetha
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kltlanto04s of Iicolkmbuft. etch boeing. ftc



instance, I 0% of the total addition, may Le This has been shown by means of radioactive
thrown into the mold and will give a yield or isotopes and, of course, also by means of
60-70%. Another way of adding ferrocolurnbhium mote conventional investigation methoJs such
is an injection method, which we have devel- as analyzing different parts of steel plates and
oped and which we have found will give the testing the mechanical properties of the plates
highest yield, 90-95%. According to this accordingly.
method a rather fine-grained powder (average
grain size about Z mm) is blown into the steeit Another advantage zonnected with addition
stream by means of equipment shown in Fig. 8. to the mold is that in case of grat heat weights
This method is of course not only connected only a selected part of the ingots have to be
with columbtum additions but with any addition produced as micro-alloy steels, while the rest
of micro-alloying elements, which on the wholm, of the charge may be used for other purposes.
can be added at this stage of the process.

On using this principle for producig inco"
* -of the samne basic heat w-r'h various addicions

of micua-alloying mnetals, the conpositioi, of

the steel in the ladke s-huld of course corr--
1 spend to an ordinary structural steel, a carbon

steel or a carlbon4Aan••nanse stel, i-.e. a ship
steeL. Since the cc.lumbium audition to a steel
calls for certain composition limits of the ele-

13 ments in the base composition of the stfel in
127 0 - the ladle, there will always be- a possibthity to

st*p the addition of the mi co-alloying element
41% •'• in case the composition requirements -31 the

base steel have not been met when the steel
6 " has beea tapped into the ladle. Itis. the base

stooeel can still No usad pnvided that it c-orre-

2 soas o hore-quire-ments cif An% ortfinary strte-_
Itural stdel wnd will then W- useVd fort tr4Ots of
this typ.

Oux tCiAoverd stud-
ics ;X ifrettI ttga i ýs n ty~s We0
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trouble that has occurred in connection with the connection with boron additioas to certain
slab rolling is that on rather high columbium steel types, but generally most of the micro-
additions, resulting in columbium contents of alloying elements will not change the heat
the steel in the order of 0.04-0.05%, the slabs treatment conditions of the base steel more
may become rather brittle. On surface con- than some _+ 10'C with regard to the A,-level.
ditioning of such slabs, they have in some
cases broken in two due to brittle fracture BASIC PROPERTIES OF COLUMBIUM STEELS
initiated at some defect in the slab under the VERSUS PROCESSING VAOIABLES
influence of the thermal stresses. Such inci-dents are of course exceptions. The properties of columbium steels de-

SThe heating before plate roiling ib normally scribed in this part of the report refer mainlycarried out at a temperature of about 1200or to the three compositions given in Table I and
to surrounding compositions investigated in

and the plate rolling is performed under con- o ur rresear ch work.

trolled temperature conditions. -2 These con-

ditions normally imply 30% reduction at a tem- Properties vs. Composition
perature below 900 °C.

A normal microstructure of a columbium
A great many other variables of hot rolling steel (steel A, Table 1) in the hot-rolled con-

conditions have been investigated. There does dition at a plate thickness of 30 mm is shown
not, however, seem to be any need for further in Fig. 9. There is not very much difference
restrictions, but on the other hand, the amount in microstructure at still higher plate thick-
of reduction below 900'C mentioned above has nesses.
to be fulfilled to ensure the desired properties
of the plates. *'..o'

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- M-444. s.structure as has aluminum. -•••" •9 ,l• ... ",.l%

The same practice as to ultrasonic testing

of normal structural steel plates can be applied • "4 " -- -
to the columbium steels. - .1

Plain carbon steels or carbon-manganese
steels with micro-alloying addiiions of colum- - .14-.
bium are delivered either in the hot-rolled con- Al- .

dition up to a certaii, plate thickness or after 0 - s. •

The nor:ializing treatment does not distinct-
ly differ from the same treatment of plain car- FG. 9. MICRO-SIRUCTURE O" A STE£l WITH
ben steels or carbon-manganese steels. The THE COMPOSITION C 0, O- ,. S. 0. 11 Mn
normalizing temperature is about 900'C but too 1 , 39o. Cb 0.0 S6 IN THE AS-ROLLI'D CONDI -
low a normalizing temperature seems to be more TION. GRAIN-SIZE ASTM S, 200 x
detrimental fhr columblum steels than for un-
alloyed or manganese alloy materials. The variations in micr-structure by various

columbtum additions outsido the range 0.005-
The heat treatment practice to be chosen is O.05S has not yet boon properly invesqgated

in most cases practically unchanged by very in our research woik. %'Whn tho mentioned
small additions of alloying elements. There range, however, no great variations hav. been
are exceptions, of course, for instance in. observed until now with the exception of some-
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what increased grain-refinement with increas. adequate way by means of the electron probe
Ing columbium contents. X-r.-y micro-analysis. Such investigations

have proved that colamblum is not evenly dis-
The microslaq types to be found in coluin- tributel in tht) microstructure after rolling. A

bium-treated steels are shown in Fig. 10. As columbiun' concentrZ.tion will always be found
at the grain 1-oundaries, and a higher colurn-

__ bium content in the pearlite than In the ferrite
has also been obierved.

The ý.olumbium 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
3 importance as to the properties of the steel or

if it can be influenced by hot-rolling conditions4 ~ 2 ~Ž~ or any other processinig variables, etc. It has
Deen observed, however, that normalizing will

Sresult in a more even distribution.

-~ ' It seems most probable that the columbium
distribution is quite important. However, this
is a part of the research field still including
mans unknowns and callIs for further investi-
gations. What wedare say today ibyou

/ ~. ~experiences, that on keeping the same pro-
-ontteto time, theco

lumbit-m distribution will be found to be the
FIG 10 MICU S-'VCUREOF ASTET. 'ITH same in each case, ie - thle distribution of

TIAE C0.MPOIICON SUCTR or A SiT0027. WIT columbium is probably strongiy con)nected with

I .0~I.Gb 1.O~~,.IN HE:AS-RLLE GODI- the treatment of the steel and will not vary in-
TION, SHOWING TYPICAL SILICATE SLA\G INCLU- deeenloftifrmnehatonte.

SION. GAINSIZCAST 7-. ~The carbide distribution after normalizing is
NESNS -3 GRI-IEAT -. PArTICK evidently a reasonabin explaration of the cor-

NE$S33 rni. 00 xresponding chaneie in properties.
in, ordinary structural stool.,, the slag inclu-
sions are of (he sulphide type and the sith- The A. -temperature la very slightly in-
cate type-. By tneevis of electron probe X-ray creased by columbium contents in the order of
micro:-analysis. however, we have iourd that 0.021-0.0I4'. Our invastigations have. show.-
tht silicate inclusions may contain up to 23 t'i. 3-10h 1 e-)IuMb~UR addition will raise this

* elumbaumn. Th is tnight cal1! izor a eidavion critical temperature abeut 10 *C and thatt a
practice tha)t will N-warantee- the smallest pos- further aiddition of the same amount of vanadi-
sible amnoun! of oxygner '.- taming 54eg in- umn Will incticease A,, another VC. Ffrom a prac-
elusions. ticAl waint of Vicw those clhanges have no tn

port a nc
The 22trbite bosl_~aie~i

zth vrwti ufv, diffileult to obslervq direccly An itwcr.eas if the t-oltutnbum cot entnt will
in anoral igh-rnctxseoe. oweerat aus aniti~eaed tability aciain.-t sw,,ntone-

rnedium magn~ifications 'And proper vtching., at ous cram gn w On ovvrhontinr. the tern-
Is soinnetii-es possibleý to obor irtmel's that periltkTr7 Of !ýUAden qfrain jrOW11h Will 110oun
a'" MiDlvably su~ch vattlidezs. ond rsIm"'Intly soo a~round IOO*c. if 14'ý raar!ser-gtained -trocý-
ottor havina ,;tudlod 1.1i 0rcmtur -mnh tuee is, tokon Izt tho crittqron. Xillod k-ilum-
electron rmicroscope. i'olliawvn %his approaich. 1'Iurn vzeol 1 'ý s a higher grain-groWilh
zhcy Ame nmot -easily tound in trmill mtcro- ntoure_ý.t anti tho dif fer"tce tvtwe i ille

srt'el and A oenklldtn,- is- %h;ut SVC The
iqraht-9raw-%,h tsindency of e_-lunihiuai it OIs i!;

Thoe dtstribimnon of coluibiunn i. tOw micr- ic~sr drastic than for alu.,.inuni-troeted mte ls
"1ructure can futther ýae inwesiratoed in a moter of the sa me basic composition (Fig. It - I 3).

4
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FIG. 11. INFLUENCE OF VARIOUS COLUMBIUM FIG. 12. GRAIN GROWTH TENDENCY OF VARI-

CONTENTS ON GRAIN GROWTH TENDENCY OF A OUS HEATS WITH THE FOLLOWING COMPOSI-

STEEL WITH THE BASIC COMPOSITION C n. 17%. TIONS (HEAT NUMBER INDICATED IN THE DIA-

So 0.09%. Mn 0.43% AND COLUMBIUM (NIOBI- GRAM BY THE FIGURES WITHIN THE CIRCLES)-

UM ICONTENTS ACCORDING TO THE DIAGRAM. NO,_QS, M -] s c6

13 .1O .27 1.1. .043 .04u 3.oi4
Columbium additions to a steel wilt in as .13 .36 0.89 .041 .046 3. II

crease the y.c'J strength, the ultimate strenqtl ý .19 ., 1.1? .0% .0 3.00

and the ratio y•eI4 s.ength/ultimate strength. 14 1.1 . 1 0.86 .Ot7 .044 0.1
1% .It .29 I.U'n .0Oud .04IS 0.11

Up to columbium contents of about 0.0I.0,

the influence on the properties mentioned oc- THE OTHER FIGU.rS ALONG THE GRAIN GROWTH

curs very strongly. A further increase above CURVES FOR THE DIFFERENT SIEElUS INDICATE

this columbium level will still slowly raise THE GRAIN SIZE NUMBER ACCORDING TOASTM.

the yield strength, while the ultimate strength IT SHOU1.D BE OBSiRVED THAT AT hIGHER T! '-

does not seem to Le markedl. influenced. This PERATURES TIlE MI.CRO STRUCTURE CONSISTS

is the case up to about 0.10% columbium, while OF A MELXTURPF QF P'INEF ANI) COAR.SE GRAINS AS

fu-thor additions up to about 0.20% columbium SHOWN BY THE ;A.,STM NUMBERS ON '-CH SID!

will cause a cantitous slight docrease in OF A CURVE.

ultimate strongth--the 0 /0. rNmainiO4J almiost
unchanged. - --

Our irivosligations !Shve inldl•icltd that, a. {

an example, the yield sttnlgth/kultimatw 40

strectng-th riatio, Which for a co•rtaol cai-lnn-
manganose :toee is atout 0.0, will ;ncrease-

up to about 0.66 At an adduaeon at 0.C0L co- -

lumbium, up to 0.7 at 0,oi-. 0 ohendnum. but I J.t~son toni

only up to 0.77 at a further addition up toi .
'-*06+�~clumblum. j

Even if th01 ogetm uee fea-i

bium sin the yield strength apparvfntly o:xr
already at o-:ntents o•f the, rd& if f.O1t it [i

Scot fivm ai practicall rin!w of vvtiawt) be ,, ..,-..
reaaonablo to add an averoc tvntent -f 0.01- %W WA 40 '0
0.03% in order to avoid a dlo:imental mnilu-

once of unavoidable ste90gations on loll- te,. ii. CM CMA'ttIVINC -r-'x'N lx;vs

scale ringot ;woducuoa.'•l , (;PAIN (;:" "T"NTH IN AN1.'\iItd-Tn.ATEI)

A;)an, frtm thi. ditect infhzcnc- 4f c-•)j- CARBON9 N ,. V\l TH1 C 0A S

bium on yield stremth aind ultimate sterrth, S r . 4
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any change of the basic composition ot the The strongest Influence of roling ¢ondi-
steel will cause a corresponding change in tions will be found on the mechanical PgoPer-
strength, which meads that in case of constant ties and, particularly, with regard to the im-
columbium contents the strength of the steel pact values of the steel.
may be changed in a normal way by changing
the carbon contents, the manganese contents, Our research work has covered a great
etc. The influence of columbium is, in other many variables In connection with hot rolling.
words, to be regarded as one which is added No significant effects have been observed as
on the top of the normal strength of the base to reasonable changes in heating temperatures
alloy, before rolling, various cooling rates M edl-

ately after rolling or various temperatures on
As a consequence of increasing the yield levelling the plates after rolling. Nor hav-

strength by columbium additions there is a more complicated prescriptions for contiolied
corresponding tendency to decrease the elon- rolling resulted in properties, which deviate
gation, which, however, does not seem to be from the properties gained by a normal con-
critical within rather wide limits. trolled rolling, i.e. a certai., reduction below

a certain temperature. Variations within a
There is also a change in impact Properties wider heating range, e.g. 1O0"C, before

to be observed, following the increase of ,,ield rolling, however, will result in rather strong
strength. In most of the literature references effects on mechanical properties.
to be found concerning the influence of colum-
bium on steel it is claimed that the Impact Regarding the ultimate strength of a owhm-
properties of columbium steels are good and In biu.n steel the finishing temperature on hot
many cases improved in relation to columbium- rolling has only a very small influence and, as
free steels. I think I dare say that our inves- a consequence of what has been said above
tigations have covered enough impact studies concerning cooling rates after hot-rolling,etc.,
to state that this is definitely rot true regard- the influence of plate thickness on the ulU-
ing columbium-treated plain carbon steels and mate strength is for the same reason limited If.
carbon-manganese steels in the hot-rolled on the whole, it can be observed.
condition. It might be true regarding some
cases of normalized or quenched-and-tempered The yield strength, however, is mor" ob-
conditions and it is definitely true concerning viously influenced by the finishing tempers-
columbium-treated low-alloy hardened and ture on rolling and also by the degree of re-
tempered steels. In the latter case, however, duction below a certain temperature.
it occurs as a consequence of columbium ad-
ditions in the order of 0.20-0.40%. We have found that there seems to be an

optimum concerning the Impact strength levi
As to the columbium-treated carbon steels around a finishing temperature of 830"C.

and the corresponding carbon-manganese steels
this statement does not mean that the impact It can also be shown that the ratio yield
properties are very poor. I only claim that an strength/ultimate strength will increase on In-
improvement hardly occurs because of a colum- creasing reduction below 9001C. Hence this
bium addition only and already this statement ratio will cover the range 0.74-0.78 by In-
might be an understatement, creasing the degree of reduction below 9NOC

from 30% to 70%, as far as our invesUgations
Properties vs. Rolling Condiions have shown. For normal hot rolling, ie.

The influence of rolling conditions on the without attention to any controlled conditions.
microstructure of columbium steels is much the the same ratio will be In the order of O,67-
same as on aluminum-treated steels. On con- 002 depending on plate thickness.
trolled rolling a more fine-grained structure
will form and a certain tendency to ferrite in other words, the sInashirfu temneant w
banding may accordingly appear. This ferrite will have roughly the same on tauerie on .--

banding, however, Is not much pronounced lumblumtreatbd ateels am on coluvebluw-e
even if the finishing temperature'on rolling is steels of the same basic votapoMtion ahho~sh
lowered very much. In this retpect the differ- we feet that the columblum-feMe *tela aw
once between columbium steels and aluminum- show a little stronger effect by varoin hW*-
treated steels is obvious, rolling conditions than do th cokutablum-
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treated ones. many results concerning the variation of im-
pact resistance with respect to controlled-

The particular effect of the columbium ad- rolling conditions used. They can be sum-
dition, on the other hand, will naturally cause marized as follows:
higher absolute values of yield strength/ulti-
mate strength over the whole line of hot-rolling 1. The impact resistance of a columbium steel
variables, in the hot-rolled condition is, whatever the

rolling conditions may have been, inferior to
The elongation is obviously strongly re- an unalloyed or manganese-alloy steel of

lated to the strength of the steel. Elongation corresponding basic composition.
values could only be compared provided the
strength in various cases is about the same. 2. The impact resistance of a columbian steel

is strongly influenced by decreasing finishing
Approximately ultimate strength x elongation temperature on hot-rolling and by increasing

is constant. This is a rather well-known ex- the degree of reduction below the control tem-
pression but it is unclear within which range it perature chosen.
is valid. In our investigations we have used
the expression yield strength x elongation 3. The effect of lowering the finishing hot-
which at constant yield strength/ultimate rolling temperature is very pronounced down to
strength will imply the same as the previously 800'C. A further temperature decrease will
mentioned one. not, however, lead to a corresponding improve-

ment of the impact resistance. In principle the
We have called yield strength x elongation same is true down to a certain degree of re-

(kg/mm2 x 8,76) the 0-value. This Q-value duction below the finishing temperature. Our
will normally vary between 960 and 1190 with investigations have shown that 30% reduction
an average value of 1080 if calculated on the below 900°C will give a marked effect while
basis of our investigation results. Within a further increase of the reduction below the
certain heat, however, the scattering is less chosen control temperature will not lead to a

than the range mentioned, corresponding improvement.

The reason why, on the whole, the Q-value 4. Besides the influence of hot-rolling con-
will vary is for the present unknown to us. A ditions, the impact resistance of a columblum
Q-value of minimum 1000 is for most purposes steel is, of course, also dependent on the
domandod in our production as a reasonable re- steel composition and further on the deoxida-
lationship between yield strength and elonga- tion practice. Hence the impact strength of a
tion. silicon-killed columbium steel is better than

that of a semikilled steel, but still inferior to
For a columblum-treated steel the Q-value that of a corresponding aluminum-treated one.

is higher than for a corresponding columbium- Between these three steel types the difference
free steel, while ultimate strength x elongation in lower transition temperatures on Charpy V-
is somewhat lower for the columbium steel, notch testing is about 109C.

For a certain yield strength, columbium- Concerning the standard deviation of vani-
treated steels have a better elongation than ous basic mechanical properties of columblum
corresponding columbium-from steels and vice- stools with reference to a continuous produc-
versa it the ultimate strength is kept constant. tion of this stool type and the standard devi-

ation of a certain heat of a columblum steel
No relation between ultimate strength x respectively, there does not seem to be a more

elongation and hot-rolling conditions (including pronounced one than for ordinary structural
heating conditions before rolling) has been stools. In other words scatter readings on
found, although such a relationship might exist mechanical testing of columbium stools have
between the Q-value and the rolling conditions, not been found to be caused by the columbium
This is still being investigated, addition as such but is rather a consequence

of variations caused by the basic composition.
The Jm RactjM Mi &1i A of a columhium steel

are strongly depending on hot-rolling condi- There is a systematic decrease in yield

tiorts. Ous investigations have given a groat strength trom the top end of the ingots to the
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bottom end, but this is also true for ordinary superior to the impact values of a correspond-
structural steel ingots. ing columbiumn-free, normalized steel or even

a normalized aluminum-treated one.
Properties vs. Heat Treatment

A great many investigations concerning 4. Normalizing will improve the Q-value but
v• heat-treatment conditions in connection with not very strongly.

normalizing have been performed (Fig 14). In connection with the heat-treatment in-

*, ,. ., r vestigations the properties of columbium steelsZtK ..... after hardening and subsequent tempering have
N • 'also been studied. This part of our investi-

I / gations has, however, until now covered only
- r t,..a small part of what we intend to do and it

r4 might be a litte early to draw any oonciusions.SA columbium-carbide precipitation with its
maximum around 550-600°C can, however, be
reported (Fig. 1 5) after solution treatment at
suf ficiently hig h temperature, e g. 12Z50C.

The susceptibility to aging is generally
-. 2 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 oý
our recent investigations have proved the aging

3.tendency of columbium steels to be less
S, . . ,".->-.. pronounced than that of normal fine-grained

FIG. 14. MICRO-STRUCTURE OF THE SAME aluminum steels.

STEEL AS IN FIG - 10 AFTER NORMALIZING, IT
IS TYPICAL FOR A COLUMIUM MICRO-ALLOY THfEE POSTULATES
STEEL THAT THE GRAIN SIZE IN THE NORMAL-
IZED CONDITION VARIES CONSIDERABLY. I The function stabilty of a welded strut-
GRAIN-SIZE ASTM B-10- 400x ture depends or. the frequency and types of do-

fects in the welded joints. 0

The Akl-temperature of colurnblum steels dis- 2. It is unrealistic to. belhive •,at a welded
cussed in this paper is 640-850'C. The nor- structur of any Importance is completely tr
malizing temperature is generally 900-9Z0'C. from defects in its welded joints.
Without going into details the heat-treatment
investigations can 6e summarized as follows: 3. All precautions taken in connctn with

welding hbve the attm to decrease. In non way

I. Nortnalizing will decrease the ultimate or another, the level of welding stresses and!
strength to a level, which is I-z kg/mm0 or to prevent the occurronce of injurious micn-(stent-Z800 psi) higher than the ultimate structure formationts which may increa.se a don-

strength of a corrsponding columbium-ftre gorous influence of apearing defecs.
steel, independently of hot-tolling conditions. I am quite convince•d that those postulate.s

2. Normalizing will reduce yield streogth/ ar valid. If so. the conselquence will be that

ultimate strength ratio to about 0.70. wgwpcatastroahic servtcA.ilure. knnwnj~

3. The impact properties of normalized colum-
bium steels will increase ir relation to the * Weld metal su•rounding he•at-eofc-ted
same steel in the hot-rolled condition and will zones and pasn s under the influence of
hi most ca ses become quite comparable with or -velding stresses.
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350 3. Hardening embrittlement in the weld or the

transformation zone of the steel.

Aus Penito temp6 4. Normal brittle behavior of the weld or the
.90o*C 15 min air steel below a characteristic critical tempera-.
1250 'c 15 mil air ture and under severe stress conditions, e.g.

- residual welding stresses.

5. Embrittlement due to ml qrostructure insta-
bility of the weld or the stedl at low and me-
dium temperatures.

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

7. ecraseof corrosion and oxidation resis-
200-tane o thewel orthesteel due to residual

welding stresses and/or certain microstructure

formations.

SPECIAL PROPERTIES OF COLUJMBIUM STEELS

400 5oo 6o 00 90 00 gm O flow10 VS. WELDING TECHNOLOGY

Having now described, in a summarized
FIG. 15. DIAGRAM SHOWING HARDNESS VS form, the basic properties of columbium-alloy
TEMPERING TEMPERATURE OF STEEL C IN steels vs. processing variables I ought to turn
TABLE I AFTER AIR-COOLING FROM 900*C AND back to the weldability problems connected
I ZSO*C RESPECTIVELY. AFTIER SOLUTION with this type of steel and describe how co-
TREATMENT AT SUFFICIENTLY HIGH TEMPERA- lumbium-alloy structural steels will react and
TURE A MARKED COLUMBIUM CARBIDE PRECI- should be regarded in connection with welding
PITATION WILL APPEAR AFTER TEMPERING technology.
AROUND 550-6OQ"C.1' ¾_______________________________Welding technology does not only include

Win~ed ro adefct'i V 0what is generally called weldabiitv problems
have orleiniated from _ eecn a welded but also problems caused by QL3AjýW and f~rm-
ilqlt unrier Eircum-5tane ih avq Leon iiv oarations, choice of filler matLerials and
critigcal withmspesct to terI~raturp-and stres

cor~lionsdetermin-aion of suitable n~eeA "Inc or Qt -
heatino temperatures. if such precautions are

So fr a I nownobdy hs b-onabl to necessary in certain cases. A successful
So fr a I no~ noody as oonabl to hendling of these problems wnd avoiding the

prov tht tis I no tvie.detrimental of fe-cts, which -nay arise fvom the

in te fllowng artof tis epor soe mtallurgical reactions; dutrin the weldiriq. is
an t"urenn toloin par off~ thi rerorr tooffme

specal ~roertis o coumbum seels ii ~ high degree of function staluity to a welded
nection with welditng technotogy willI be do- ntesel
scribed. Before that the seven groups of
factors toe be observed in connetction with Cocrigcolunrihium sto~ols of the xylxý
weldabililty investigations as to detrlimental discussed hoeti onej will not meet any thittc-
changes should be. repeiated. ular ptobleoms, _'* far as I know, with rogard to

i. longitudinat weld ctacking (solidification cuttrinlg. o ropatn*ndcieofilt
crack-s or *hot cracks'). Mtras

Z. Transversal weld cracking (shrinkage Thete is a differenice, of courseQ. ba~twtoen
cracks or 'coigcrcs) plain carbon steels or carbon -manganese steels

and the colunitlum-ailoy steels respectively
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caused by the higher strength of the latter, round welded Joints in columbium steels and to
But filler materials, which must not necessarily the possible change in properties, which such
or not even preferably be columbium-alloy ma- a steel may undergo because of thermal Insta-
terials, can easily be found as they have cor- bility during heating to medium or high tern-
responding strength properties. peratures during or after welding.

Provided the equipment used for forming On rapid heating and cooling, as during
can be applied to steels with higher strength, welding, a rather pronounced effect of colum-
diff.culties which may arise are of the same bium can be observed. This can be shown by
type as will occur for unalloyed or manganese- means of a special weld-hardening test based
alloy steels. During our investigations no upon high-frequency induction heating of test
serious troubles have appeared according to the bars, whereby the heating and cooling cycles
factors mentioned, which could not have oc- on welding can be reproduced.'
curred in columbium-free steels as well.

Since there is no welding included in this
It has previously been mentioned that there type of hardenability testing, whJ zh is briefly

are sevsn main groups of metallurgical phenom- described in Appendix A, the testing conditions
ena to be particularly studied in connection are from time to time kept very strictly.
with weldability investigations and that certain
detrimental changes may be expected under It is well-known that hardenability dia-
circumstances as a consequence of these met- grams as they appear on Jominy testing have
allurgical reactions. been used for quite a few years in order to

d2termine welding conditions for various steel
Columbium as a micro-alloying element in types. The induction-heated weld-hardening

a structural steel does not seem to contribute test mentioned will offer a hardenability curve
to either longitudinal or transversal weld for the steel, which can be used in the sante
cracking. In these respects a columbium-alloy way and which has been developed so that the
steel will react as a corresponding plain car- same tables as for the Jominy hardenability
ben or carbon-manganese steel. diagrams'can be used for calculations of weld-

ing conditions-- but with the important differ-
For example, the main reason for hot- ence that the heating and cooling conditions

cracking in welds is too high carbon contents on welding can be simulated in a far better
and/or sulphur contents. Neither an advan- way.
tage, nor a disadvantage of a small oolumblum
addition has been found. Provided that the steel to be tested does

not contain any alloying elements forming car-
In the same way transvercal weld cracking bides, which very slowly will be brought into

is a problem connected with the weld metal solution on austoritization the lomlny test
quality and the shrinkage-stress conditions could be used as well. However, as soon as
during welding. Small columblum additions to slowly dissolving microstructural elements
the weld metal from the molten steel does not occur, such as carbides of strong carbide
seom to have any practical importance. formers. the Tommy curve will not offer a true

picture of the hardonability of a heat-affected
There is no obvious reason to expect that zone clo"e to a weld./columbium in the steel will contribute to a

decrease of the corrosion and oxidation to- The Induction-heated weld-hardening test.
sistance of the parts of the base metal stir- which was developed about ton years ago, has
roundirg welds in such a steel. This Is, on proved to be very useful for the determination
the other hand, a part of the weldability re- of slight differences in hardenarblity of various
search, which has not yet boon itivostigatod structural steels. Figure 16 shows a harden-
in Our work. ability cu-a received by the induction-

hardenUt test. This curve should be com-
More interesting parts of our weldabiltity pared with the curve in Fig. 17 for a come-

Investigations refer to the risk of _hordenii1 spending carbon-manganose steel without co-
e!XuJttlenment In the tonstormanontiofnes of a lumblum addition.
columbiun steel adjacent to a weld, to the
risk of InItiatioti of btittle failures in or a- It is evident that an advantage has been
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FIG 16. NWH HARDENABILITY DIAGRAM FOR FIG. 17. NWH HARDENABILITY DIPl;RAM FOR
A CARBON-MANGANESE STEEL WITH A COLUM- A CARBON-MANGANESE STEEL WITH CARBON
BIUM MICRO-ALLOY ADDITION. IN SPITE OF AND MANGANESE CONTENTS CLOSE TO THE
A YIELD STRENGTH. WHICH IS Z5-30% HIGH- UPPER LIMIT OF WHAT IS NORMALLY PERMIT-
ER THAN THAT OF THE CARBON-MANGANESE TED WITH RESPECT TO WELDABILITY AND STILL
STEEL IN THE NEXT FIGURE. THE HARDENA- A MUCH LOWER YIELD STRENGTH THAN THE
BILITY IN CONNECTION WITH WELDING CAN STEEL REPRESENTED IN THE FOREGOING
BE KEPT MUCH I.ESS BECAUSE OF LOWER MAN- DIAGRAM.
GANESE CONTENTS. SEE AISO THE DIAGRAM
IN APPENDIX C. WHICH SHOWS THE ADVAN- c.olumbium influence or the cementite formation

TAGE OF CHOOSING A HIGH STRENGTH MICRO- and iocalization is pronounced. The pearlite

ALLOY STEEL INSTEAD Or A NORMAL CARBON- will precipitate in an abnormal shape; the co-

MANGANESE STEEl. IVTH REPECT TO THE mentlt,' appoears to ii cortain extent in the gramn

HARDENING RISK IN TIe HF.\T-AFFECTED bVundaries and is rather coarse. Finally, by
* ZONES ADJACENT TO WELDS. means of X-ray probe mic.o-analysis It has

Lee:n shown that the ratio of columbium c.n-
gained by alloyiwj the steel with a small a- tents in the grain bundaries. in the pe4rlhte
mount of conIumbium if a rapid hoating is ap- i,,d in the fernte ore in the relative amounts of
plied. Consequently calumblum steols must In Nnut 3-1 1/2-I.
this resPect IV rtn-arded as having improved
woldablihty in relatiosi to their strveoth. Ihs1tendeny.to krttbfrayqur1anaj arm-

LU jwleldin ginLiactig wi wi I offer
T-e lotw rate by which c.lumhaum carbidno much of interest. It con be shown and has at-

may on into solution tth outenito doets- tot ready Lvome raid prvlousmly in this Paper that
occur to me as a pronLbleo ,xplanation of this the imptmwf,- 5ttmtvtlh V!. tem.-rature of q C-
* behavant of a{ lumbum stoa.l. Still ,he aus lsmbiun stolts qneorally tim better and, as
teniat in a hoat-atffectod zone in a c.lumbium rolled, rtather wmrse thon what can Ie expected

rte-a! iz *obahly kmwer in carol than i•n theO ruwrditg a c, orresondan stpl withiut colum-
steel according to the actual cmposition and UAum. Heonc one oz.uld ,asily b tompted to
the atca|l telnr ratfr of such .an austonatO Sttea frm this point f ,iW. * that cotuMIbium
will b•come higher. However, the clumizum stools eve nrnally infortor to the eontaspondanq
contents sru nded not sufficient to formny unalbyd or manoaawse-aliy ones.

apprcctahlo amount of columlum carbldo5.

feel that iolumbium rathor may form in Cflcn- Thi-s impre•saion in vio douLt •vined .t the.
atia pant of the o'mwntto hit we hivv- nWo-Itwon brittle-fractuvo tondency is dletrmined only by

able to proe thit, yet. On the other hand. tO moonS of Imptct testino of the unwided steel.
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The question is however, if it is correct to ex-
clude welding from such a testing. Ity, 1+8.1X e

30
In most cases it is done so because no- noim@lized

body, so far as I know, has been able to show
that any remarkable improvements can be gained
by the heat-influence of welding as to the safe-
ty against brittle fracture of a steel. It is rath- i-o
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.
I0

Figures 18-19 show quite normal impact
curves of a columbium steel in the hot-rolled

and normalized conditions respectively. There
is nothing abnormal in the curve referring to the $
normalized condition and in this case the steel

200 as -•toled 0 . .

-40 -40 -20 0 'V . 0

:5 t*eMeature eC

P FIG. 1 9. THE SAME STEEL PLATES AS IN FIG.
18 AFTER NORMALIZING.

to The aging reaction in a columbium steel
S/ tomay occur already on rapid heating in connec-
/ / tion with plastic deformation as, for Instance,

£ I in a zonu at a certain distance from a weld. A
S,., ,/ decreasing impact strength in such parts of a

..---- ,columblum-alloy base metal is shown in Fig.

ZO. This is neither worse nor better than what
"£ ~* "" ...................................... is to be found for mos& structural steels.

-40 -* O •* 0 *so *

I~r e -c However, on testing a columblum steel by

FIG. I 8. CHARPM V-NOTCH IMPACT CURVES the NG-testing method (ApendixB) quite an-

FOR 30 mm STEEL C IN TABLE IN THE AS- othor picture of til lvittlo fracture tendency
ROLLED CONDITION (BLACK DOTS)AND FOR A will appear. This is shown In the diagrams of

CORRESPONDING CARBON-MANGANESE STEEL , -zL. The two d.agrams represent ex-
WIThOUT COLUNBIUM ADDITION BUT STILL ampies of the hot-roiled and the normalized

IN THE AS-ROLLED CONDITION AND WITH TUE condition respectively. It can be seen that
SSAME PLATE THICKNES.•S th transition tempnature is very bw inldoed.

in Wth cases about -100"C.
has a good chance to withstand severe stress
conditions caused by sharp notches even at In Spite of the sharp notch attack from a

rathor Low temperatures. The hot-rolled con- natutal weld crack it has been Impossible to

dition of the steel, however, does not create cause a fracture in a test bar above -I00*C at

any happy feelings even if there awe Wts of co- nominal ioads below the yield strength level of

lumblum-!fte steels with roughly the same brit- the steei, i.e. the nominal yckld strength

tie fracture tendency aready at high tempera- measurd on unnotched test bars. This is the
tubes Sam yield strength level •s measured by

m''izans of welded test bars above the inter-

It *has Previously beer said a few wotds section point between the yield strength cure,

about the aqie susceptibility of oombum and te curve of the so-called no.alnal obey-
steels, age surength.

IA
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FIG. Z0. IMPACT STRENGTH ACCORDING TO CHARPY V-NOTCH TESTING AT 0"C IN AND AROUND
A WELDED JOINT IN A HALF INCH STEEL OF THE TYPE; B IN TABLE I (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 .ý-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 5-I0 mm FROM THE
FUSION LINE IS PROBABLY CAUSED BY AN AGING REACTION BUT THF OTHER ONE MAY HAVE ANOTH-
ER REASON. IT SHOULD FURTHER BE NOTI.D THAT AS EXPFCTED THE IMPACT STRENGTH OF THE
WELD METAL OF THE AUTOMATIC WELD IS VAR LO\. R THAN IN THE MANUAL. WELD. BUT FURTHER
THAT A PRONOUNCED MAXIMUM IN IMPACT STRENGTH APPEARS CLOSE TO TIHE FUSION LINE IN
BOTH CASES. THIS MAXIMUM IS ALSO RMPRODUCIBLE AND WILL BE EXPIAINW BY THE 1IG. II-
Z5. THE DIAGRAMS Ai- TAKEN FROM AN UNPUBLISHED INVESTIGATION BY S. kAMSHAGE. A CO-
WORKER OF TIME AUTHOR.

It will furthur be obsorved llhil ,a very low magnituda. i.e. about Z0 1k/mri . This is
temperatwres, about -!006C. the tuminak higher than for nost ot-Ner stucturta steels 4-td
cleavage sttianth of this coiumb;uum steel (as definitely higher fcx Iwumbium stels than for
well as of other omrraponding cwIlutni4um- any other structuraI s3eal with a ¢ressond1r
altoy steels) is still surprisingly high. about yield strangth at far as our In•,•$sgations have
ZO kg/mm- (28. 00 psi). At this temperattre shown.
one will find the Interoection betweon the oon- l-owcvi't, a great many NC-tostion investi-
ventional m'vos for ultimate strength and gatlons hsw', been peforrrd and in all case:
yield ,atongth. Consequently, and acootding there is a vety good relationship between the
to the interpretation of the NC-testing results, temperatuwi f•r the intrsection of the NC-
this will simply imply that the stress level curve and the nominal yield strength curve on
nece ary for t' M propagation of an initiated one side and the critical Impact level onbrittle ftacture is of the same order of Chatpy V-notch testino on the -ohet. The lat-
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ter is defined as the lower change of the impact reason for this behavior of the steel must exist.
curve at an impact value of about 1.5 kgm/cm2

(9 ft-lbs). From various other investigations we were

Even if it sounds peculiar a possible expla- pe~forming at the same time two probable expla-
nation could of course be that the columbium- nations, rather closely connected with each
alloy steel for some reason does not react as other, appeared.
other steel types on NC-testing. In other
words, the NC-testing method should perhaps On NC-testing in general it is well-known
not on the whole have been developed and that even if a zone rather close to the weld
used. I can already hear how many of my col- will become normalized by the heat influence
leagues will heartily agree with this opinion, from the welding, this zone is too narrow to
Still there is another and more reasonable ex- have any pronounced influence on the safety
planation. against brittle fracture of a NC-test bar. How-

ever, would this normalized zone have been a
It is necessary to bear in mind that even if little wider, an increased resistance against

the NC-testing has been developed as a brittle brittle fracture would immediately be observed.
fracture testing method it is primarily a weld- The results would probably have become some-
ability testing method with regard to brittle thing similar to what has been observed on NC-
fracture. testing of columbium-alloy steels.

The NC-test bar is evidently simulating a However, a normalized zone alone will
welded Joint in a steel and the idea behind never be a complete explanation of the behavior
this testing principle is that the steel sur- of the columbium steels. It has rather been
rounding the welds is being attacked by sharp shown that on welding such steels a compara-
notches in the form of natural cracks in the tively wide zone with increased brittle fracture
welds during the testing. Should it be so resistance will appear surrounding the weld.
that the steel has not undergone any important
change in properties around the welds the The background is the following investiga-
testing results will of course give a picture of tion:
the brittle fracture tendency of the more or less
unaffected steel. Were it so on the other hand On heating a columbium steel up to 6001C
that a certain steel under the influence of the or higher, a more or less pronounced normali-
heat input from the welding is strongly affect- zation effect will occur in a quite normal way.
ed that the occurred changes will have an im- Around 900"C it seems the normalizing effect
portance concerning the brittle fracture tend- has reached an optimum with regard to the duc-
ency, in one direction or another, then this tUty of the steel.
would be disclosed by the NC-test bar.

Further, however, we have found that on
I hava studied thousands of results on .simultaneous plastic deformation of the steel at

NC-testing and I must confess that generally elevated temperatures the steel can be still
there is practically ia influence of such an more tmpmw.ed according to. for instance. tim-

i:nportanoa such that ona can talk about an Pact Properties, and this is not only Ltimited to
obvious difference bWtwoen the behavior of a rather narrow tem;peraturo range.

th. unweldvd and the welded steel. This might Out invostigations. Inv.nling a cortain
soand surprising but it 12 still a fact. -lastic deformation at tmperaturea from 7MC

up to 1000 'C. have shown that a marked im -
I must also admit that I got very astonished. pr')vement of the impact stue,"th and a still

Indead. when I cmvpated the NC-testing resultS mare proounoed decrease of transition tem-
for the colunM.lun steels with the caorrspondintg pratur- wail hove occuWrd after deformation
Charpy V-notch curves. iowevet. without anY and hetin at 800C.

doubt it was Impossible to initiate a true Writ-
tie fracture below the norminal yield %trie, 9th The optimum.u of the Inprov•ene-•s gwnad

at temperatures above -100*C. Still the NC- "oems to 3ccur in the teeeature ratte of

diagrams obtained appeared quite normal with a 850-900*C.

failing NC-curve (along a strcaight Itne in the It of course. that around a
bgarithmnic stress scale) betow, the transition weld a plastic deformation. which certalnb
temperature mentioaed. Therefore soe q0od canntot be neglected, will take place. Congo-
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FIG. 23. DIAGRAM SHOWING VARIATION OF YIELD STRENGTH OF 2O mm STEEL C I i TABLe ! IN Tw£
AS-ROLLED CONDITION BUT AFTER PLASTIC DEFORMATION 5-10% AV VARIOUS TEMPERATURES.
FOLLOWED BY AIR-COOLING.
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FIG. 25.
CHARPY V-NOTCH TRANSITION CURVES FOR THE SAME AEEL AS IN FIG. 23 AND 24 IN THE AS-
ROLLED CONDITION (RIGHT)AND AFTER 10% PLASTIC DEFORMATION AT 8500 C FOLLOWED BY AIR-
COOLING. THE DECREASE OF THE LOWER TRANSITION TEMPERATURE HAS A GOOD CORRESPOND-
EINCE WITH THE LOWER TRANSITION TEMPERATURE ON NC-TESTING. A SIMILAR PLASTIC DEFOR-
MATION IN CONNECTION WITH "HE WELDING k2F THE EDGC'S OF THE NC TEST BARS CAN BE EX-
PECTED IN THE HEAT-AFFECTED ZONES.

quently it can be expected that hot only a nar- ency, particularly since the testiag method is
row normalized zone with good impact proper- based upon the most severe defects to be found
ties but a rather wide zone with still better im- regarding brittle fracture irutiati.n, in welds,
pact properties wiil be surrounding a weld in d namely transversal weld crackinq, which is
columbium-alloy steel, directly attacking the transformation zone of

the base metal.
The results of this investigation are exem-

plified by Fig. 23-25. It will be seen that There is another advantage connected with
transition temperatures of the same size of columbiurn steels in wvoding technology.
order as observed on NC-testing have been During recent years t has been shown by•ifo u n d . a r ) n e
found.mo~ans of investiga'Itions In various countries

Fuither, and closely connected to the tha, many steels used for welded structure; v.lli
above-mentioned experiments at highesr tern- undergo a certain emniritttenent durinq stress-
pecatures, we have also founi that a rather relieving is'Iatn nts at t hmisraturus around
strong improvement of columbium steels =an bOON". So far as I knw this phenomenon wa
be realized after temperimn the steel at 5,0- in Germany toltatd to low-carborn hioh-
-- Q600*, This will still broaden the "safe" maunqanes, steels. -No have been able ti Con-

zone around a weld in this steel, firm thwese rMIts bLut woe are, flot willitng to
undeotline the danger of such an ombxrttliment

The discovery of this particular b.havior sio btrc.y a, have. same German investgatoos
of columbium steels Offers indeed an impiove- done, anid we d) n•ot correlate tt with- high-
ment regarding the weldability of tins material manganes , contentv,.
type. It also underlines that brittle-fractut-
testing with regard to welding technology is Apart from thvi.s difforenco cn opinion w,
not always attasinod if the affect of welding is have Lbeen able to sho*w that even if a carbon-
not included in the testinrg method. In other manganese steel or % plain crrbxn steel may
words, the NC-testing method might be able suffer fromn su;ch an omlkttlemc-nt tendlency.
to offer at least some sort of useful iniorma- the phenomenon can Ix, v-ery strongly p•Inounc-
"tion about the function stability of welds in tc! in certain low-alloy steels. This i-- due to
steel with respxect to thr) brittle fracture tend- changqs in the carbon distribution anid patic-

•:5' ~~~~ ~~....................' od "•.g -• •...%,
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ularly to carbon concentrations (not carbide technology.
concentrations) along subgraln boundaries. 2

There are still some investigations to be
The columbium steels, which we have in- performed before we can feel quite familiar

vestigated, have of course been subject to with this unusual type of material, but still
corresponding investigations. It is quite evi- columbium steels have already been used in
dent that they have no tendency to temper err- welding fabrication of various kinds--the most
brittlement at stress-relieving temperatures. well-known probably being pipelines for oil and
Further, on comparing a series of plain carbon gas. Hence it would also be rather natural if
steels, C-Mn-steels and corresponding alu- somebody would like to apply the columbium
M inum- and columbium-trea ed steels13 it steels as structural steels in a general mean-
appears that the contents of soluble aluminum ing as to bridges, house-building, etc. I also
may be the main cause of the embrittlement on feel quite certain that it will not be long until
stress-relieving rather than high-manganese they will appear in the pressure vessel fabri-
contents, and that a columbium addition will cation.
inhibit this effect almost completely. For
example, the Charpy V-notch 20 ft-lbs level So far as we can see now, two different
was raised after annealing 24 hrs at 650-700°C grades according to yield strength may rather
in the order of 30-40°C, depending on soluble easily be produced, the minimum upper yield
aluminum contents, but not at all for colum- strength of these grades being about 37 and
bium steels. As was shortly mentioned pre- 42 kg/mm2 . Without normalizing the impact
viously, there is rather an improvement in properties are today sufficient up to 1/Z inch
ductility after annealing columbiam steels at plate thickness and by using normalizing or
suitable temperatures in the range of a normal other heat treatments, for the present neces-
stress-relieving treatment. This is still an ad- sary above 1/2 inch plate thickness, impact
vantage from the welding technology point of properties of these grades can be guaranteed
view. as for instance 20 ft-ibs at -30 *C/-40 'C. The

various properties described above have shown

To summarize, columbivwm steels, in which that from the weldability point of view the co-
wlumbium has +beepadded as a micro-alloying lumbium steels may be regarded as having at
element to a plain carb-.. steel or a carbon- least the same weldability as the corresponding
mianganese steel. have Propefties which many plain carbon steels and carbon-manganese
times are beter from the welding point of viýew steels, in some respects, however, being su-
thanv what can I& expectpd aflor te.tiM the gn- perior to these material types In sections,
welded steel._ This calls for an intensified equivalent in strength.
investigation program in order to CnirmIsuch
2a.rther unusualbehavi~ci ola stucturtalsteel. Pearsonally I am quite convinced that in-

stead of increasing the yield strength of
Still it sounds surprising that a certain carbon-manganese steels to the bitter end, it

steel tvp.• will not reach its best prperties would be wiser to take the step over to the

until it has been subjected to a series of treat- micro-alloy stools, for instance the columbtum
ments in colrnection with welding, whicht are in steels, by which a yield strength, which can

most cases supposed to impair the steel or, hardly I- reached in carbon-manganese steels,

under good co•d4tions, keep it practically tin- can easily be obtained.
changed. It is true that a stAfficiently wide
expertinOc of columbium steel in welding fabri- Thore is also a tendency within the Ship-

cation may still be failing, but our experience building industry to start using steels with

until now secms to hae .x-infirtnnd all what has higher strength than that of the present ship
been said above in any respect. steels. Actually it has almlady boen seriously

discussed to present new regulations, hased
APPUCATION OF COLUMBIUM SThECS TO on new specifications for high-strongth ship-
WELDING FABRICATION building stools.

I shall not go deeply into what can be said I have a feeling, unfortunately, that the
about eolumbium-steel application to welding trend today is to be rather careful on suggest-
fabrication. These steels can without any wing an Increased yield strongth. The stop to

doubt be ectammnded to be put into welding be expected In this directioa will probably not

* ¾ . %L'${S%



Z5

lead to what is normally called high-strength in shipbuilding - it is simply a way of realiz-
steels but rather to something which can be ing that some parts of welding [ibrication can
regarded as a quite normal yield strength level permit strictly controlled welding conditions
for carbon-manganese steels with a minimum and others cannot. We have to regard this as
tensile strength of 50 kg/mm2 . In other words, a fact that must not be overlooked, and remem-
having for years used more or less ordinary be>r that the weldability of a steel always must
carbon steels for shipbuilding, the shipbuild- be considered In relation to the welding con-
ing engineers are now prepared to take the ditions which can be applied.
first step into an already well-known steel
group, the carbon-manganese steels, which Apparently, however, there is a need to
have been used for years in connection with adopt steels in shipbuilding which are higher
welded structures. in strength but still weldable in the sense that

is to be connected with ship welding. If there
This statement has by no means aihy are not steels of this typo suitable for the pur-

ironical meaning. On the contrary I think the pose, let us wait and see and try to develop
shipbuilders have been very wise by avoiding them rather than to apply well-known types of
to introduce the carbon-manganese steels with the desired strength, which are not only well-
a rather high strength in shipbuilding industry, known from previous successful applications
Anybody, who has an experience of welding under certain conditions but 'intortunately also
in shipbuilding, must be aware that the con- well-known from unsucce-sstul applications
ditions under which welding at the shipyards undei the conditions to be considered.
many times has to take place, does not per-
mit the careful handling that the carbon- It is easy to say that one should wait and
manganese steels need because of their lim- it is also easy to say that mne should develop
ited weldability at plate thicknesses above a new steel type--the requirements of which
Z5-30 mam. The susceptibility to hardening must be rather high. I must admit that I am not
phenomena in the heat-affected zones in con- quite certain if I would have said what follows
nection with welding is indeed more than five or six years ago, before the first results
well-known. Even if it is generally said that of the micro-alloying technique had appeared.
welding without preheating may be performed
up to plate thicknesses around Z5 mm, too Nevertheless, today I would definitely
many cases of hydrogen embrittlement in mar- recommend the shipbuilding industry to be more
tensitic zones along welds in these steel careful regarding the wEidability of new high-
types have occurred already at plate thick- strength steels rather than the increase in
nesses far below ZS mm. Moreover, this has yield strength. In other words, as said pre-
been the case under welding conditions, which viously, it is my opinion that it should be
have Leen far easloe to control than any weld- wiser tq specify a yield strength of the new
ing opration in shipbuilding, for instance in steels that will not permit the use of carb,.in-
connection with pressure vessel fabrication. manganese steels but rather roquireis some type

of a micro-alloy stool, whqtaver the micro-
One can refer to quite a few such occasions alloying element may be.

in Europe avid I feel rather worried to have them
repeated in shipbuildlag, and probably more This must not he re*grded as a d commenda-
frequently. tion to start us;ing columblum micro-alloy stuals

or any other type ,too soon. It sthould rathor be
Nevertheless the caron-manganese steels 1-eommended that such svotl type ought to bW

are very much used in various lvanches of intonsoly invostigntod with rigard to any prop-
weldir4 and I certainly do not want to exclude enr• that has an importance in connvction with
them as stoelo suitable for welded structures. welding in ship-bildin;. This may tako a lit-
I simply want to pjint out that when we hav• Ile ,Umo. but it appoatt 10 me mre re•altic
be~en forced to incrase the strtetnh of a edr- to ae erested In new and promising sotol

tain steel ,vee to such o degree that the weld- types than to Ielieve in stools, which hav,
ability t i.s for special attenuon. I would not ilready proved to 1-c loss suitable for unfavor-
recommend suc' stools to be used under con- able weld.ng canditinns.
ditions where this s•ocial attention cannot
always be paid. This it indeed not said in It also occu•vu• to me that what the ship-
order to undeorestlmat• hO welding engineoriing builders are looking for with respect to in-
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creased strength, safety against various treat- to which columbium has also been added, one
ments and reasonable costs will probably be will find that the well-known phenomenon of
met by some micro-alloy steels with a minimum formation of aluminum-containing sulphides is
upper yield strength of about 37-45 kg/mm2 . very much pronounced. For some reason the
Such steels will obviously meet the strength aluminum addition will completely change the
requirements and are in the same time from the sulphide inclusions as shown in Fig. Z6. Such
weldability point of view placed in the prefer- a sulphide distribution with long tiny aluminum-
red part of the steel group to which they be- containing sulphides has a most detrimental
long because of the comparatively low-strength effect on the bending properties of the steel as
level within this. well as on the elongation. The steel will show

what has been called a pronounced "short
COLUMBIUM AS PART OF COMPLEX STEEL breaking behavior". We have investigations
ALLOYS still running or this type of micro--alloy steel

and in some cases we have been able to over-

It is not my intention to go deeply into a come this detrimental aluminum effect but we
lot of complex steel compositions, in which cannot always reproduce the heats which have
columbium is one of the important elements, come out successfully, and, more important,
I would like to mention, however, that our in- no particular advantages have been found.
terest in columbium steels has not been limited
to micro-alloying structural steels with colum- We have been more successful by using a
bium as the only micro-addition. combination of columbium and vanadium as

micro-alloying elements. It has proved that in
It has been mentioned axove that columbiurm order to increase the yield strength level above

steel from the yield strength point of view may what can be reached by columbium only within
cover a range of 37-45 kg/mma and it has also reasonable weldability limits, a further addi-
been said that increasing columbium contents tion of vanadium in the same size of order as
is not the main mean to raise the yield strength the columbium addition will extend the yield
within this group of steels. It is rather so that strength range with another 5-8 kg/mm2 , while
from many points of view it is preferable to the weldability seems to remain mainly un-
keep the columbium contents rather constant, changed.
at about 0..02-0.03%, and change the carbon
contents and/or manganese contents in order Besides an increased yield strength, a
to reach various strength properties. This will vanadium addition will also cause a precipita-
limit the weldability of the steel group in the tion hardening on tempering the steel within
way that at an upper yield strength level of the temperature range of 500-600"C. This is
45-50 kg/mm" , the carbon and manganese con- an effect corresponding to that of columbium
tents have had to be increased to such a degree which a further addition of vanadium wall in-
that a further increase will drastically limit the crease. Therefore there may be some advan-

weldability. In order to reach still higher yield tages connected with columbAum-vanadium
streonth levels and, of course, in the .same steels which cannot be reached by columbium
time keep other properties as much unchailed stools otily (Fig. 2?).
as possible, it has proved necassary to de-
vOlop more complex micro-alloy steals. Miothor effect of vanadium is, for instawnce,

that after normalizing a columbium-vanadium
In the first place we have concentrated o¾ steel will not show the same strong deicreaso

two further micro-alloying elements to be used in yield strength as it columbium was the only
in connection with columbium, _aIminum and micro-alloyn cleoment. Consequently in
vanniuM. e also Apr.nti.L.:. practical production work coltumbi um-vainadium

steels may many times be preferred simply bI-
A combination of columbium and aluminum, causle heats too high in yield strength can be,

as far as our exeorience its concerned, can N, t.orrnalized in order to fulfil the maximum yield
summarized vary shortly. It is doubtful and strength specified, while charges too low 0In
pyculiar. Until now we havc ot been able to ytoUd strength can be tempered at a suitable
disclose why our results have be'ome what temperature in order to fulfil the minimum yield
they hav.e become. Onl adding various amounts strength spocified. In both cases the impact
of aluminum of the same size of order as for a properties of columtium-vanadium steel are
normal fino-grain aluminum treatmant to a steel improved and, actually, this steel type should
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FIG. 26. LONG TINY SULPHIDE INCLUSIONS IN A MICRO-ALLOY COLUMBIUM STEEL AS A RES'ULT
OF A CRITICAL ALUMINUM ADDITIONp 00 x

alasne some srofhatetmninIn technical considerations, however,
order to get a desired safety against brittle there Is one mnatte-r of particular importancefrcue Hoeei hsppr-a o oseune hsma\ "neune

supposed to outline the inf luence of colurn- making, rolling, treating, controlling and
bium in complex mnicro-alloy steels but rather using rnaterials, regarding steels as in'divid-
this element as a steelmaking variable itseif. uals as to their behavior in a structure - in
Therefore I shall not discuss low-alloy steels other words, consequence in thinking .
with columbium additions either, but only
moention that we have a certain interest in A way of thinking, inplyinct to collect the

Smanganoso-molybdenum stools and mtoLyb- very best of the Ivst of methods, "materials.
denum-copper stools with stmill columbi um and Calculations will have no senso if the
additions, the most pr'onounced influence of )seun sfaln.Wshudeer(t
w h ic h Is a n} im p ro v e m e nt o f the im p xkc t p ro pe r-- o r a b t o o d h - e t p e e t u o dties an•d a stabilizing ef'fect or. tho strengrth sorameithing good. h•tutpeetu o
properties o*• the whole after treating at nor- smti~ od
mat stross-ralheving tomporaturos. shl •'nbyqongtcoege •

t~~~ $hal retired, by. T.tI1 it. ue colleguer Prnala
There are various philosophies to b~e ap- very clnos friend of mitric. who has reocently

i~i hedto eta~urlca[aspctson eldt~gSurvoyne for Netis of 1.10yd's Register of

technologly. Nobody would to-Jay be able to
: •ay which of them is to he regarded as the Shipping. Soma years ago. during A1 discussion

Sbest one. Personally I fxeel that nv• ane Shnu Id after a lecture, concerning the brittle fracture
S be ea Iled moro. o~rrmt than inyone elso pro- j.ro'lolm, he summarized his thoughts by saying
!i• •;dedwe • do~in w~t ths(•on wichtim "The explan~ation of the fracturing behavior of

vide we re dalin wih thsr. n whch te - ship steel s•hould primari ly not L,.- a matter ofenorrno•* development of the welding tech-
: ,tuo as ~n a~e - nd e mst omebe= too much personal researclh pre~stlqp but rather

: that• there are quite a f'ew of th~em. a problem of measuring the safety for thv men
who sail! our ships."
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FIG. 27. YIELD STRENGTH VERSUS VARIOUS HEAT TREATMENTS AFTER ROLLING OF THE FOLLOW-
IWG HEATS:

No. C Si M. P s v Cb

31 .16 .09 1 ,2,3 .06 .052 .05
3?- .15 .08 1.2?-8 .06 .052 .03 .05

33 .19 .09 ,85 .059 .051 ,05 .O4
34 .16 ,07 1.26 .059 .053 .10 .05
35 . .11 1.fn 9 .03a .038 - .0s6

THE DIAGRAM INDICATES THE YIEL.D STRENGTH IN THE AS-ROLLED CONDiTION (TO THE EXTREME
IZ•F")AND AN INC REASEI) YIELD) STRENGTH AFTER TEMPERING BETWEEKN 500 AND 650"C DURING
1 H]OUR. FOI.LOWED BY cCOO.ING IN THE: FUIRNACE. THE DIAGRAM FURTHER SHOWS THE
CIANGE IN YIELD STRENGTH AVTER NORVARIOING AT 9T 0NC DURING IRO LLR,. FOLLOWED BY
AIR-COOLING AND A FURTHER CTANGE IN YIELD STRENGTH AlTER HEAT TREATING I)URING 1/,

HR.. VOLL.OWED BYi COOMiNG IN SAND F'ROM TEMPERATURES WITHIN TmI: RANGE 9,20-1 0S0'C.

Thy' Author is qlrateful to the Grdingv~sbcnj
This is ,a tecessary and ti mPortant state- Compa•ny far permssioti to publish the report.

mont homsed on human oxpgrience at its best.
A numix~r of persons of the Lihoratorv

ACKNOWLE•DGME•NT St|t! at Oxel~sund Steel Works has, taken part
in• the invostig~tttons describedl, and the Author

This rePort was prepa•red at rtet Metallurgi- wishes to exiross his gratitude• to all ot them.
cal Central o . b~rator of the Gr 11ngesberg

Company. Oxehisund Steel Works. Oxoltisund, The tontriburioni 1y Dr. F'. do Kavntczy.
Sweden•. It is based upon a pa•per presented Dr'. I. Lan~der ando Mr. I. v.on Kssen is partic-

i by the Author to the COMMITTE•E ON SHIP ularb' apnncciavod and special than~ks aice also

STEEL in Wasintwton. I). (C,. on March 14. due to Mr. ti. Lngc'rstr•Sm and Mr. H.If.}oltborg
1962. at the Anntual Meetig of the COMMIT- for their successful work on the ,apphication of
TEE;. tilt' reported •niobium :steel ty'pes to a large
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brott I mjuka stAl" (Brittle fractures in zone. For this reason the jommny test is not

mild steel). Terkontorets Annaler, 1956. ideal, as far as welding is concerned and in
fact the microstructure and hardness found in

22. Nordn, T. M.: (In Swedish) "Den nominel- the heat-affected zone of a weld, frequently

la klyvningshAllfastheten hos stAl" (The differ from those in the corresponding area of

nominal cleavage strength of steel), the jommny test bar.
Ternkontorets Annaler1 139 (19550:, p. The rate at which a Jommny bar is heated is
141-153. slow compared with welding conditions, and

Z3. Nordn, T. M.: (In Swedish) "Plasticitets- this leads to complete transformation and ho-
f~rtndringar hos stAl sam ffljd av vissa mogenization of the austenite. In welding, on
kontrollerade belastningsvariationer och the other hand, the heating period is only 3 to
okontrollerbara kvarstaende svetsspan- 15 seconds; diffusion is incomplete and certain
ningar" (Changeq in plasticity of steel alloy carbides, for example, are not taken
caused by controlled load variations and fully into solution.
uncontrollable residual welded stresses).
Svetsaren 14 (1955):3, p. 64-68. Again a Jominy test bar for weldability

testing is austenitized at temperatures about
24. Noren, T. M.: (In Swedish) "Den nomi- I100 OC, whereas in the heat-affected zone the

nella klyvningshtllfasthetens tempera- maximum temperature reached is the melting
turberoende" (Temperature influence on point of the material--a fact of primary impor-
the nominal cleavage strength of steel). tance, as regards the austenitization process.
Svetsen 15 (1956):3, p. 51-57.

Thus in the heat-affected zone austenitiza-
25. Kochenddrfer, A., and Scholl, H.: "Die tion temperatures are found over the entire

Spr6dbruchneigung von Stfhlen in Ab- range from A, to the melting point and at its
hangigkeit von Spannungszustand und outer extremities the steel will transform only
Temperatur." Stahl u. Eisen 77 (1957): partially to austenite. The Tominy test can
15, p. 1006-1017. 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.

APPENDIX A
Moreover, since a lominy test bar is held

THE NWH-TESTING METHQD at austenitizing temperature for an appreciable
period, the prior structure of the material has

In 195Z a Weld-Hardening test was devel- little or no influence on the result. In welding,
oped by the Author in co-operation with Mr. G. on the other hand the prior structure is of vital
Bird? 4 The following description of the method importance for the behavior of the heat-affected
reters almost in detail to a lator publication in zone. A hardonability test designed for the
English.' At the beginning the method was study of welding problems must reproduce these
known as "HF-testing" but has later become conditions of rapid heating and short-time
known as the NWH-tisrng (Noreh Weld- soaking at all temperatures upto the melting
Hardening test): point.

A hardenability test was developed at the A further point of perhaps secondary impor-
ESAB laboratories in Sweden, for use in cases tance is that the heat flow during cooling in
In which both the heating and cooliig processes the heat-affocted zone is always from the more
-are rapid. It has proved to be highly reproduc- suPerheated parts to the less (with a minor

ibLe and to correlate well with actual welding side-loss to atmosphere from the surface).
experience. The following describes in detail This is not truly reflected in the jominy test.
the principles underlying the test, and the ex-

parimental technique. The size of the orig9•.l )ominy test bar
makes it unsuitable for testing material under

The rapidity of the weldingJ process does I Inch thick. Ce-tain modifications have been
"not allow complete diffusion and transforma- suggested' . but It is still difficult to adapt
Uon to austenite to occur in th" heat affected the test to material below I/Z inch. A harden-

Z4.
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ability test for welding applications should HEATER
utilize smaller specimens, preferably not re- COIL
quiring material more than 1/4 inch thick. LIF

Finally, the Jominy test is not very suitable WATER LEVEL TEST PIECE
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 Jommny 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 deveioping any new test to corre-
late it as far as possible with the Tominy test FG 28. TEST BAR ARRANGEMENT FOR NWH-
so as to make full use of the valuable and very TESTING. THE CROSS SECTION OF THE TEST
extensive data which are already available. BARTIS 5 C S OF APE A.

BAR IS 5 x 5 ram. APP, A.

All these requirements can be met by using cycle all the heat flows down to be absorbed
a single small test specimen heated by high in the bath. Thus ie initial temperature gra-
frequency, which is an inexpensive but ac- dient and the cooling rate depends on the
curately controllable heating method. It is, value of F. the freR length.
however, apparently necessary to test the
specimen not once but repeatedly under dif- A series of tests is carried out, reducing
ferent cooling conditions. This type of test the free length for each successive test; the

was under investigation for some years in the values selected are quite arbitrary, the Author
ESAB laboratories, with the aim of setting the having used series such as:
optimum conditions. The heat source used was
a I KMV high-frequency generator. 5 - 7 - 8 mm

5 - 10 - I2 mm
A suitable test bar size is 5 x 5 x 150 mm. 5 - 1S - 25 - SO mm, and sq on.

The heating period finally selected was 6 sec-
onds, the generator being adjusted to bring the When the first test has been made. the free
high temperature end of the specimen just up Wngth of the Lar is cut off at or just below the
to melting point. The procedure finally at- water level, whertitempor colorinq can bo seen.
rived at is as follows: Twe vemainder Mt the test lWr is set up at the

new free length, fresh water being added to ad-
As is shown in Fig. 28 the test piece is just the water lovql and so the tests are oon-

placed vertically with one end in a bath of unued.
water maintained at +l15 * (+5"C) leaving a
"free length" of variable length F projectir.g The cut lengths aro mounted in bakolite and
above the water level. The top of the test a longitudinal flat is ground as in the 16omnly
plece is level with, and central in the heater test to a depth of 0.5 to I mm. The grinding
coil. After a 6-seoconds heating period, when must be carefully carried out under a copious
the top end should have just reached melting stream of water to p-svent any tempering of the
point, the generator Is automatically cut out. martensite. The test flat is finally polished.
The heating cycle sets up a temperature gradi- and Vickers hardness readings are made with a
ent down the bar, from melting point down to 10 kg load at intervals of 0. to I mm alonqthe
the water bath temporature, and in thk cooling center line of the flat. Wherv ecwessa•ry the

-. *m.
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results can be amplified by micro-hardness cooling rate. The fusion line hardness value
testing in the areas where microscopic exami- in the base metal adjacent to the molten zone
nation suggests local hardness peaks; these is plotted at a point corresponding to the value
results will clarify the macro-hardness curves, of F as shown by the black dots in Fig. 29.

The remaining hardness readings for this par-
With experience in the method it is pos- ticular test are plotted to the right of the fusion

sible to predict within limits the probable be- line hardness, at distances corresponding to
havior of a material and restrict the test to the distances along the test bar. When all the
those F values which might be considered secondary diagrams have been plotted (Fig. Z9
aritical. contains more than are usually required) the

various fusion line measurements (black dots
Because of the use of high-frequency in Fig. 29) are joined by another curve which is

heaLing, this test has at the beginning become known as the primary diagram and corresponds
known as the HF test and later as the Nore'n to the Jominy curve (Fig. 30).
We Id-Hardening test.'

Vv11

I , '0

400

300

2 040

201 --- 0-- -s-JO 20 5 Fmm 050 F ~

10 -S to 10 SO F 1"I tjG. 10. PRIMARY DIA(MAM ACC.ORDItNG TO

FIG.?:),SK~ONDAY DAGP.M• CORDN¢; T|il NWH-TET,•ING MIMTIOD )OR THF SANtr
FIG. 49. S N D UG, 4 lTUr. _'RZESPQt11NG
TO THEK NWH-TESTING NIL'THOD MOR A LOW- .OMINY ('URV OF" TH TEl. .AFTER AUSTAINI-

ALLOY HIGH-STREiNGTH STRUCTURAL' ST :El.. TIINv A C M O tC IS ST ED 1W THE
• . .•, Tt?•ING~~ AT I I La- -) .•'£R•KCD Y THE

(VICKERS HARDNESS ON I0 k- LOAD VENPSUS DOTS. (VICKERS 1 IARINCSS ON 10 ko 5.04)

F-DISTANCE. CORHLSPONDING TO r-.5 x
$OMINY-DISTANCC IOMNV, -DISTANC! - 1T .1

A complete Mrdeewbihly dsaqram as givon
by the NWHI test con~sists of a sot of lardnessýr It hat: boon Padgihlirto CL ttvtl41vz tho F
curves for the variousz F' Valuos. iie sihowýn in voillwst fmpirically. Wili rth itmay dLininncc. Under
fag. 29. Th, diagralms a ir similar to lominy the c4indit)Ons gi•-n (pItti0ularly ri test btrl
c-uves with hardn0es; in the vrttica|l .cale ol d -in) the cororlation faCtor i:
coing ratoer horizontally , in torms of th, ftre
k'atg~th F, which ••tm sponds in pinci•le ti the F t I.
distancw from the quenched end in th.e Jominy
test. The hardness curves fot thI dlfforwnt F Ii |i .obvusly i,,nliontt to stlisCt- valuc;

values woe krvown as ~~~Lgd.y _tt~i4iA fl 1, d which are4 multiples; ýaZ.14 ha l the 0,1l-
show tho hardness variation.s occufrtrw in the culationn made on t11- •mtn test are directly

heat-affected ,onn at ai given cOnstntat average applicabible to the N PtM.t.
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With the NWH test the heating and cooling
processes in welding are more nearly repro-
duced. A test which shows the variation of APPENDIX B

maximum hardness with cooling rate will also
indicate the hardness variations with a given T NC-TESTING MET1OD
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 The following refers to parts of a previous
and cooling cycles. paper:•

The test piece is small enough to be appli-
cable to most steel products, and the test is Testing Principles and Testing Method

accurate, highly reproducible and, in spite of
the preparation required for hardness testing, IIt is assumed that the ieader is familiar
rapid. with the principles of thet two types of plastic

The test conditions as described are the deformation of steels and other metallic ma-

outcome of extensive experimental work. Good terials. It is beyond the scope of this paper to

agreement is found between the NW'1 primary detail the two possible mechanisms of deform-

diagram and the Jominy curve 1ý4 ,Loels which ation but it may be stated that the translation

transform completely to aust.ritoi, at least in (gliding) mechanism can cause a considerable

the hottest zone, during the u-seconds heating deformation, while twinning preferably takes

period. This is true in particular for carbon place under complicated stress conditions

steels of about eutectoid composition with uni- and/or at low temperatures; from a practical
formly dispersed pearlite. Alloy steels con- point of view the latter is insignificant.

taining stable rarbides exhibit differences be-
tween NWH and Jominy curves which are ex-
plained by the incomplete solution and diffu- In the following the term "brittle fracture"
sion of these carbides in the short period refers to a cleavage fracture without appreci-

available. As a result the hardness maxima able preliminary plastic deformation of the in-

vary in the most rapidly cooled test pieces dividual crystals. For a tensile test this means

(since the austeolte composition is different), that a brittle fracture has occurred at a nomi-

and frequently the steels appear to be deeper aail stress below or only slightly above the

hardening, because the austenitizing tempera- conventional yield point. In the first caso

ture is higher. plastic deformation has taken place only at the
fractured section and is hardly measurable,

A special advantage of the NWH test is its In the second ease 4 small amount of plastic
deformation has occurred in a latne material-ability to distinguish between steels of similar volume of metal and the fractured surfa{c. ap-

conventional Properties, e.g. of equal ulti- pars "c-ystalline", i.e, the cleavage planes
mate tensile strength. Different effacts are P t 1.cry tl e clearly se in

produced not only by small composition differ- the surface.
ence- but also by differTnces In prior structure.

Laminar inhomogounties in rolled plates, for
example pronounced ferrite banding, lead to To obtain fractrev - noar aý 5t~ blo
local hard spot. in partially transformod zones. without defOrmation at temporatuwe.ý •horo und-

axial stress oIvee riise to irmatiotl, the oc-
cuirretnc of lo'cal and eampllcatted *r0ixial
!aroasves it, Ow Malteial is ee r; lot ex-X
ample. this- oceurs in t01e Ix ssenc_ cf a sharp
notch: at th, tont -I, the niotch even l•,w-
rtaminal srolesr canit ca3u:Z local plastic tdo-
formaton, w,-hile th• r.maind<r of the tmatetial

that Is u,•vafc"d by the multiaxial str.st will
remain lartgly undla rnied. The• n .eretp nm'. ich
effeci is caused by a crack in the matorial.
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When loaded the material will deform at the I. The conventional yield point of a steel
crack front. At low nominal stresses this de- rises continuously and the plasticity at trans-
formation can be so important that the degree lation falls continuously with decreasing
of triaxiality in the stressed condition is suf- temperature.
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 2. Above a certain nominal loading the ini-
stress, which can cause crack propagation. tiation of a fracture at a sharp notch, such as
With a continuously increasing load, the in- a crack, can only be irevented by Dlastic
crease of crack radius is relatively quicker deformation of the crack front.*
and a new crack is necessary for a critical
stress condition to develop at a higher load. 3. The less the plastic deformation, the lower
If a shaip crack front is always present in the the nominal load required to give a stressmaterial, however, the triaxial stress condi- condition at the crack front that will cause a
tion at a certain critical nominal stress may be cleavage fracture.
such that the material cannot resist a further
increase in stress even though locally de- A. In consequence the maximum nominal load
formed. Cleavage of the crystals at the crack that a steel can sustain without cleavage
front then takes place and the fracture prop- fracture at a crack front, i.e. the "nominal
agates more or less rapidly, cleavage strength. " decreases with falling

temperature.

By means of a brittle alloy welded on the 5. Further, as the cleavage strength depends[ edges of a flat tensile test bar, the conditions on the plasticity, it must decrease continuous-
mentioned can be realized while cracking is ly with falling temperature.
continually occurring in the weld metal, as the
bar is exposed to an increasing tensile stress. 6. Curves showing the rise of yield strength
At a certain critical stress. depeidtng on the and the decrease of cleavage strength with
testing temperature, a more or less brittle falling temperature must intersect at some
fracture is obtained from one of the sharp temperature.
crack fronts present. This critical stress,
which is defined as the highest nominal ten- 7. The intersection point of the curves can be
sile stress a steel can maintain in the pros- taken as the transition temperature of the steel
once of an undeformed crack without the ini- above which a fracture can start only after the
tiation of a pcopagating fracture, is the so- occurrence of plastic deformation in a lare
called t•om.inal cle-Avaqo gtrencth. It appears volume of material but _heoqy which the frac-
to the author that this is a characteristic ture start and progmrss require negligible local
property of a steel and might bW useful in plastic deformation In the fractured saction
strungth calculations. Considering the prob- (i~e. brittle fractue).
lims associated with the brittleness phenom-
enon of a stool, the author has stated the fol- In a sirmiler way to the yield point, the
towing seven points as a basis for NC- nomitnal cleavage strength is 'S characteristic
tasting: ol every zteel for A certain atrain ratle. d•p•th

of notch and sharpness of notch. As prvious-

B ey "noinlfnl loading" is meant the sess cutlculated on the total cfos35-"ectional a•ea of the test
piece (includirng welds) until the welding fractures. As soon as a crack starts in the welding all

Z the applied load lu transfe•rmd to tho total cro-so-ctonai area of the welded test piece lest the
area of one of the welding layers. The Investigations hav.e shown that the chance of fracturos
cicurdtng in both welding layers at the same tiom and opposite each other is very small. It can
be added that the correction due to tOw layers of welding has little effect compared with the
normat div-.rVnc0s in. for example, tho yield point of normal test piecns taken in different po-
sitions In the test material. No great error will occur in practice it the calculations are made
with the area of the test piece before welding. How•ever. such an erorr should not be made even
IH it has little effect.
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ly stated it can be expected that the cleavage thoroughly isolated from the influence of the

strength, as the yield point, will vary con- surrounding air, and the temperature is regis-

tinuously with the temperature, provided that tered by a resistance thermometer. Before

the other conditions of testing remain constant. testing, the specimen, fitted in the grips, is

At the defined transition temperature, the allowed to warm up until the desired tempera-

cleavage strength coincides with the yield ture is nearly reached, whereupon the load is
strength. later it will be shown, however, applied.
that this transition temperature called Te does
not represent the one below which brittle frac- Testing Results and the Relationship between

tures occur and above which only fibrous NC-Testinq and Other Methods

fractures (shearing fractures) take place.
Typical crystalline fractures are also observed A great number of static NC-tests have been
at temperatures slightly above Tc and obviously carried out by the present author and others,

(this is discussed later) another and higher and it has been found that the critical tempera-
ture at which the yield-strength curve and the

transition temperature called Ts exists above
wlich nothing but shearing fractures are ob- curve of the nominal cleavage strength in-

served. In principle Tc and T, correspond to terest, TZ. is located without exception within

the two change points of a temperature-impact- the same temperature interval as the lower

strength curve. The dimensions of the NC- change point of a Charpy V-notch curve. As

test bar and the welding of its edges are shown far as ordinary low-carbon structural steels

in Fig. 31; the rate of loading used is 10 mm/ are concerned, the transition temperature re-
min., and before testing the test pieces are ferring to NC-tes ig corresponds to a numer-

cooled in a suitable medium such as solid car- ical value of the Charpy V-notch impact

ben dioxide, liquid oxygen or the like. The strength between I and 3.5 kgm/cmp (about

temperature is measured by a gauge, which is 6-ZO foot-pounds). The critical impact
strength value, however, is not independent of
the yield strength of the steel. (This will be

UNWEL0ED WELDED shown later.) Fig. 3Z shows the relationship
between the NC curve, the yield-strength

curve and a Charpy V-notch curve including the

'I
-¾ .. . .

c 14

(Ž1 A 'hij_4T1ZtClt Tunt 0 TI

A NO I•PAC ti T ("1tUih. W TZ

artd T . The_ way tho ieiact Culve et well as

M.G. 31. M!T t IYF% USDOR - the N" cu""V "fll off at hi.l.r tote•.-ature"
TESTING. AP, . r.auld ba tlut"e. In both CA-'ses this M*Ienrt

that in calculatng thoe ervaigy a sftnruon and



36

the nominal cleavage strength respectively, experimental evidence to support the valuable
one has not paid attention to the reduction In contributions of these authors (see below).
area, and the values obtained are too low. The
reduction in area, on the other hand, shows Finally; before certain features of the NC
that the material at the testing temperature test results are interpreted, the following must
possesses a higher degree of plasticity. Con- be underlined as one of the most important
sequently, the upper change point of the NC- statements concerning service failures through
curve as well as that of the impact curve brittle fractures of welded as well as unwelded
simply Imply that at this temperature the steel1 structures. The gtesence of a defect in the
has reached'a temperature range within which material, representing asevere notch-effect
complete s.iearing fractures are obtained. An under the loading conditions applied to theIattempt to find a numerical value of the upper structure, is necessary for the initiation of a
change point of the Charpy V-notch curve, as fracture and for the increased risk of a service
has been found with regard to the lower change failure when the temperature falls.
point, hais failed, a fact that Vlatton-SibSberg15

has underlined in connection with his interpre- In the absence of a notch. the strength of
tation of impact strength curves. Nevertheless a steel will increase as the temporature falls.
the upper change point of the Charpy V-notch If a notch of the same sharpness as that used
curve will always L-a found at practically the in the ChArpy V-notch test is cut in a tensile
same temperature as the upper change point of test-bar, e.g. Tipper-test specimen, no
the corresponding NC-curve. No c-orrelation detrimental influence will occur in the s'rength
exists between the numerical vailue of the of the bar as the stress fer fracture as well os
Ch-arpy V-notch Impact strength at T, and thv' the yield strength continuously incruases with
level of yield strength or nomninal cleavage decrease in temperature. In most cases a
strotvth at the same temperature, ho,?cvir. On ntuch has to have about the, same sharpness as
the other hand, whore the two latter properties 4 true crack to be dangerous.
coincide, there is no daubt that the- crrespond-
Ing Charpy V-nitch value falls within a comn- ThaI~iflueBnceR~ T~m, Žture onNG Curves
pairatively narrow tomperaturo ranqg'. The part
of the impact curve between the tawor and the It ha!s ben shown that a s-imilarity twn

is to be found, oks we-il as, the part oi thde %'C- lure eurvo, exis;ts, and thlarefort it mightupe.htepit hr h teetsoe nN uv n nup--te~htmea
curvia between T: anud Tj . trepce-sent the tem- ozssurned that thea twoz curvce types, arv lafl'i-
peraturv rangce withirt which suffietent Pia",- oenad by thie iamv pmpoprty of ! tt, steel. An
ticity of the ntool oture n-o pormtit rnl~ Attempt t,, Opresý tc vhale, eutvo in wz~ns ýAt
at 4 icraclk -mid in 4 larqe vilumne Mf rmtcna maWhomatics wauld pr bliy b
yot tht inatri~al hai isoiufwciint O-ility Ofa beeCau'tie 6f the- ýýJrtpt-eritv icauýsqi b the0 re-
Plastic rmatot ron dad ifor 4ýar'pttnaiv ta n atr4 all tha ietba n shcaf fria,ý-

* i~Uetivglyt1 "tP a PMP4OAWnq fractdt. ttjt~ t might be-,s~bgt find
a riplt 1,1lW e i the 'thAp at 0tc,

iUOh I unstwia-t T:aurs T4id T,.
areý tmperulnt with fitowd 1P ovo _ i~~-a a C'hzv;Y V-Woohc-~" isul ~tar with

T, i:ý fll;ý lcýw~egt oer t'rt which a 4 ' witll find1 th4a' 13t mattn *ar' 4 thet i.;!.
r An still doforrn 0.wiciatly dvsvikce the Msz the rast W~If~the 1 t0ses $1-04 ctpw, Ocuri S
dnro _11 Otiicks and a1'ti~v* whivh the ' 4iýý e~tvl vrcalt~ wat at Mh Ch,(t ur

zl;-lzare, 71*N~tly Zf 40 t tW 'vIV- Othe 0c* Just 41"ve "?v' pint. Mt

Which a Sýeiel m b6- rgrtq*-v6 anl C14ck- sr h~ Th~ rq tl vhoW tthe t if.

fsctrg ~on en crinthe itipa4- Mt 10V part thAt '.s t%- t W1;zP-i o ' t%'e Ow educ-
tnef tht Owlwer' i pvamtawm T, in ovmr -c t~cn i -aa. 41 ;keven ~'itu i414:1,n4

+with weldir, strissas have bven ;xubiished by~ t N, 1 ~sr -4 t t U ISktA4 4tWnlInP the !a,-t that
Iaeto. EBoyd. arnd towt-'k" aod b~y tcatws f'I t he sL 1->ei ap Uc dpends- on the Pios-

61X KasUti. 4t has been paw, w Itm to put iomatd s~li fpatc~~to ttef~~o
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the notch or crack in the welded layer. This
can also be expressed by saying that the cracks The two varlables are expressed as follows:
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- N O = a• (T, - T ) (3)-•, Oso
formation at the crack front, i.e. if the re-
sistance to translation is high. A low nominal
cleavage strength within the temperature range where 07s, is taken as an expression for the

below the transition temperature thus corre- upper yield point at the testing temperature,

sponds to a high resistance to translation and 03 &as the upper yield point at the original

"vice versa, temperature, and consequently N, the relative
yield point. T. is taken as the origin tempera-

The resistance to translation depends upon ture and T. as the testing temperature at which

certain "external" factors such as stress con- O-, has been measured. Finally, a, is a pa-

dition, temperature, rate of loading, etc., and rameter used as an expression for the resist-

also upon some "internal" properties of the ance to translation under the prescribed test-

"steel such as grain size, dislocation condi- ing conditions.

tions, presence of residual stresses and the
influence on the lattice of previous mechanical A similar expression can be used for the

and thermal history (aging, previous dynamic nominal cleavage strength, namely

loading, etc.). Generally the "external" fac-
tors can be controlled by means of testing 0-.
conditions, but the "internal" ones are diffi- Nc = - a,(T, -To) (4)

cult if not impossible to express by means of
the usually accepted physical definitions or
terms. The resulting phenomenon, which in- which indicates a decrease in nominal cleavage

cludes all the factors mentioned as well as strength with falling temperature in contrast tQ
others that are not stated, may be called the the increase of yield strength when the temper-

resistance to translation. It 'Is not feasible to ature decreases. Here 0"c 0 means the nominal

derive an expression for this quantity in terms cleavage strength at the original temnerature

of its different parts, as only a few of them Tý, - the nominal cleavage strength tit the

can be expressed with sufficient accuracy, testing temperature T,, and consequently K,

For the present, therefore, the following dis- the relative nominal cleavage strength. At a

cussion will only include "resistance to tr-ans- result of the notch effect, the *armneter a: is

latlon" as a general term. not similar to a. in the faiegoing equaiton.

It is obvious that this property is the one Whn T, coincides with . the reltive

influencing the position of the conventiontl yield strength as well os the relative nominal

"yieli-strength curve, and therefore a correla- cleavage stre-3th Na have values of unity; ilis

tion probably exists between the influence of therefore equals U. T (the point of Intersecýtion

tempeirature on the upper conventional yield 1).Žtwern the yield-stre•inth curve and the NC-

strength and on the nominal cleavage strength, curve, iýO. , th.• strInV.*.lt Of an NC tom-bar at

It can be shown that the yield strength is an *he transtion tomnperature as doeined for the

exponential function of the temperature ard It method of testinti). The ktso -f Eq. (31 ani (4)

is possible to use the same type of expression to obtain approximate va.•ues Of the soF!01tles
for the nominal cleavage strength. The author of vhe two steels with trmiraturt variation

has simplified the well-known expresslon can easily be shown ,txpFirimcntall'.

The charate.oristicý of steel s, having thýh

Y = (ve Q/T(1) same yield strerqgth at the sWnie transItonS
-2. jtkn'atura but ,iflarent nl tades t of dth

given in Ref. 20, (v loadinq ,ate, T r abso- paravmeter a II r4af050nttd by tbe curvo.
"lute temperature, R the gas conistant, Q shown ill Fig. 1., No. th- T._n 'o -
an energy of activation, r a "a small oumber"), nln@ - ; the Slopes of tht curve given
by using by Eq. (3) actd (4) calt be e se~i as.

x
y -a (a) N ,-a- (Tt -T..) ll a,

4
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energy level depends on the yield strength of

kg/mm2  the material at the testing temperature. If
490 this is so, the energy absorption in impact

01,046 tests made at the transition temperature T.

o46 !023 (for NC testing) should decrease with the yield

/0 point of the steel. This would support the use

/ of different minimum requirements for the

60 critical impact strength of different steels de-
/I pending on the yield strength.

50 C/.014

so.

40 00One of the most important observations of

0 the investigations described is as follows:

Evidently a steel cannot possess both a

high nominal cleavage strength at low temper-
20 .,,f•ature and strong energy absorbing properties

on fracture at higher temperature. For a steel

to with a flat NC curve, the nominal cleavage
strength is considerable at temperatures below
T-, but the energy absorption in shearing frac-

0 ' I I I I ' I ture will only be importar at comparatively

-80 -60 -40 -20 0 -20 .40 *60 high temperatures. On the other hand a steep-

tervr C ly sloping NC curve indicates a low nominal

cleavage strength below TT but high energy-

FIG. 33. SET OF NC CURVES WITH THE SAME absorbing properties slightly above this tem-

TRANSITION TEMPERATURE T (-2O0 C).3UT perature. The latter type of steel has, there-

VARIOUS RESISTANCE TO TRASISLATION (a). IF fore, a lower transition temperature for shear-

THE STRESS IS PLOTTED ON A LOGARITHMIC ing fractures T%, than the former; a high re-

SCALE VS. TEMPERATURE. THE CURVES WILLBE sistance to translation brings T, closer to T.

REPRESENTED BY STRAIGHT LINES ACCORDING and vice versa.

TO THE EQUATIONS CIVEN IN THE TEXT. APP.B.

z"~ N- - -x -(T-- - -. -na -b

N (To T. In at ) terpretation of NC DiagLrams

Further It will be noted that the straight lines
reprosenting Eq. (3) and (4) (Eq. 7 and $) on a The followin interpretaton of an NC dia-

Slogarithmic plot have the same slope he gram is based on the assumption that the con-
.. Pt he ttinuous NC curve represents the nominal
cuiw, s at the transition tomperature: cleavage strength of a steel: the latter is de-

.in N1  I -, ,) ii a1  7) hfined as tihe highest nominal stress a swteel can

.ustain In the presencO and under thc influence
".f- ) . a notch caused by a crack and for pFartlcular

Sconditions oi tos'tj::,. In effect, the NC curv

Thvi-'vIidity of. th &•abve-mentioned expresses the nominal -:ress necessary for the

equatarns (ar feast as ip;xoxlmate expresslons) jtL1•taLtk.. )f a brittle- fracture ast function of
was chec"ked hby iomPt Rlnqth• oxhtical and tomperaturv and for the other presaabed oan-

actual results of a largo .oumbr o.R.NC tests. dtlons.

I -t Is imPltrtant to recMMnize that a fractur,

- Axtry ýwldom starts in an NC test-hu r jytn-

It soe-ms raaso•able t•: vPpact th4a the. tal1, after a arack occurs in orm of the weld-

"ed ed4es of tho Lbr. Therofore, the observed
enorqy abso.rptIon in an umvact. test at'tornrsr-

* r enoiirnini stýr; is n1ot the stress that EI3A2• ' o t~ rou v ,et •-w t h e p o in • t o f t t - -• . t o11 -u .

the wO curves, of an NC diagram lihould ý the &.c. thtoagh the tested material, hot rep-

£nslgnnfcaalt. tnt it is movie lkely tm owtt h eaia WSfo nUtti

64i- -±1L~!
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fracture at the front of a sharp notch that is al- ready been stated that the initiation of a brit-
most undeformed. tie fracture at the root of a sharp notch can

only be presented by plastic deformation at
Another important assumption on which the the front. This critical stress condition de-

method of testing is based is that the energy creases with decreasing temperature. How-
developed, when the weld cracks, is so small ever, there is another factor which strongly
that it gives no essential addition to the ap- influences the possibility of plastic deforma-
plied external nominal tensile stress. tion at a notch-front, namely the strain rate -

the higher the strain rate, the less the plastic
From an examination of the brittle fracture deformation. The translation, the only type of

of steels and the characteristics of a steel, to deformation which is of practical importance,
arrest a running crack, it is evident that (a) is strongiy time-dependent. For example, the
a certain minimum stress must be applied to a rapidly increasing yield strength of a steel
steel for an existing fracture to propagate any with increasing high strain rate in conventional
considerable distance; (b) another minimum tensile testing, is well known. Thus at suf-
stress, usually greater than (a), must be ap- ficiently high strain rate, a brittle fracture
plied to initiate a brittle fracture. can also be initiated by a nominal stress which

falls well below the NC-test nominal cleavage
It is now clear that the minimum nominal strength at a particular temperature - the

stress for either purpose need not arise purely greater the shock effect of high strain rate, the
from external loading but may be completely or lower the nominal stress level to cause a
partly due to elastic prestresses, e g. in- cleavage fracture. The, latter statement, how-
ternal welding stresses, other residual siress- ever, seems only to be valid down to a certain
es, or high elastic stresses caused by an Limit characterizing each particular steel.
elastic shock wave developed by a propagating
brittle fracture. The maximum value of the There are certainly experimental difficulties
last-mentioned type of stress occurs just in in the accurate determination of this limit for
front of the running crack. a steel, but a reasonable appioximation ap-

Elastic prestresses of residual type may b pears to be provided by a feature of the NC

regarded as either a pure stress addition to an curve. It is known that in the temperature
external service stress or a cause of an in- range of -150 C to -ZO0 C almost completely

creased degree of triaxiality or complicated brittle cleavage fractures occur even with uni-
effects of both. This leads to the observation axial stress application. Slight plastic de-
that a brittle fracture may be initiated as well form. .') may be unavoidable in tensile tests
as propagated over a considerable distance made within this temperature interval or at still
even if nonextnal load has been applled to lower temperatures, but from a practical point

the maaterial. In this case the internal stress of view this unavoidable deformation can be re-
must roach •ad mainLtaia the required level garded as i•ighgiblo. The above temperature

without any external addition. range may therefore be asaociated with t-4l
plastic deformation of a steol. Qqate ,ently.

It is far from rar, that britte fracturs .. laps dtic digriLn.a -

occur in unloaded welded structures merely as 2;., within thiseqaa. Thus, it on extrapola-
a consequence of the welding sterss lervl, it tion _'1 the straight l11a ginvn by al-k NC curve
a sharp notch. e.g. a dofect in a weld, is on logarithmic scale is made down to say

.resent, It is imp••tant to record that crack-, -100 C, a value oa the nominal cleavage
formedl in this way jjl have, a 2 Jh strength is obtalned ,which ,I th- 0 o e9I si -

*deni a di stang'". This may be intorproted Suec u--a Clea- . _a-Akur

as Indicating that thie elastic shock wave 4t L obft .a v , This limit value•, here

formed at the fracture front cannot maintain called 0,, (p for propagation) is noth;ag but

the requirod squess leval for mare than a short Lt~ nolniql~ al
time after the Internal s-tress has been re- practicM purtform of d o n of
lieve-d. The c€raek will there0ore mtop when it lu
"raches parts of the material in which notmal
internal and external stresses are absent. - - -

F'or a particular nominal strwss. it has al- It Is auto_-evident thmta tcal c dltkou



40

of stress in a steel when negligible plasticity appear more clearly when it has now been ex-
occurs at a crack front, is associated with a perimentally proved that below this temperature
propagating brittle fracture. The essential welding stresses may have a most detrimental
factor that prevents plastic deformation is the influence on the stability of a welded struc-
high strain rate, since the influence of the ture, while they at temperatures above Tc do
strain rate predominates that of temperature not seem to have the same serious effect, if
over a wide temperature range. Cleavage any. A detailed discussion of the effect of
fractures can progress as soon as the nominal welding stressess-v- should not be repeated
elastic stress exceeds a certain level. Awell- here but only exemplified by Fig. 34. It shows
founded opinion is that the nominal stress level that under influence of welding stresses the
required is approximately the same as the part of the NC curve below Tc has no practical

graphically determined value. importance. Consequently, below this tem-
perature only the stress level necessary for

It is important to note that initiation and propagation of a brittle fracture has to be con-
propagation of a brittle fracture apply to the sidered, while an initiation of such a fracture
same phenomenon, and the term "propagation" may be caused by any service load added to
can be replaced by "continuous initiation", residual welding stresses, if the total stress
There is experimental evidence, which con- level will then reach the actual NC curve at a
firms that propagation can be interpreted in certain temperature.
this way.

- -/,m --
80

The (Tr, -level may be regarded as an ap-
proximate value of the nominal stress which is 70
the minimum demanded for continuous initiation
of a brittle fracture (propagation),

60

The NC-testing method has been described
in several other papers7' -a0-t . and the fore- 40
going description might be completed by quot-

ing another one9z"

30 I

The above-montioned will underline the
impertance of the slope of the NC curve - the zI
steeper the curve tha lower its critical stress -

for propagotion of a brittle fracvire.`'- Ac- -
cording to the NC-tsting method stress levels O
nec•ssary for ,•ittle fracture propagation as
low as alxout 0.S kg/mm have fairly frequently 0
txben found for ordinary carbon steols. Mmw- -80 -60 -40 -- O 0 *20 4'0 .60
-o r. evr'n if such low values may tv regarded tomp I
as o;;eptuons, unalloyed structural ,teels
with critical nominal stress lvels for brittle 11G. 54. Eiw -T Or WUJIA.iNG STRES' ON
fracture propagation ex.oodinu 7-6 kg/m man are TIl NC DIAGRANI. Til' PART O" TIME NC CURVEl
not ofton ob,"vor•. ELOW TLil: T:MPENRATUtREi T Till:" 1NTER,'!:C-

TION POINT WlTWI'.VN THL" l:(' CURVE ANI) TIM
Further aspects on the slope of the NC- YIELD -TMEN Mi 1- CURVE) \l 11, NO LONGEr.

curve and Its importance havo bon discussed iXI5T AND Tis PA.T OF TIi (URV1 Vill DI:
in previous papers.'- To summarize. a. steel ,Pl.?,fD •Y A cURV:. WIit s riu:
for wolded structurer, should have a low critt- CRTICAL TMSS rIt.ML 1O.01 PROPACATION Or
cal temptraturo T, and an NC curtve with the A BRTn TUR. 'APPJQ
smaltest possible mteopness.

The Importance of the temprarture T. will Th4: 1n :m1to bv exi3rez,,sed by r..,iyinj that

. 2 "
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residual stresses alone, caused for example by 3. the nominal cleavage strength of the steel,
welding, can reach a level high enough for
Initiation of a brittle fracture, while such a 3. the U, -level of the stee-l,
fracture will never propagate, if the nominal
stress level due to service load is not suf- 4. the total stress level in the structure, com-
ficient. Hence, if a brittle fracture has be- bined by the nominal service stress and
come initiated due to residual welding stresses residual 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- The function stability of a welded struc-
tance .7 - ture is determined by two factors,

In order to complete this way of considering 1. the conditions necessary for initiation of a
brittle fractures in steel with respect to stress fracture,
levels, the interpretation may be extended to
include the possibilities for a steel to act as a 2. the conditions necessary for propagation of
crack arrester also below the transition tem- a brittle fracture.
perature Tc . Without going into details this
can be summarized by saying that the stress The conditions to be fulfilled for initiation
level caused by service loads in relation to of a fracture is a total nominal stress exceed-
the nominal cleavage strength of the steel is Ing the nominal cleavage strength, and a tern-
the factor, which is determining the crack ar- perature, which is below the critical tempera-
resting properties of a steel below To. If the ture T . For propagation of a brittle fracture
service stress is close to the nominal cleavage the corresponding conditions are a nominal
strength at the temperature in question, the stress higher than the one, which is critical
crack arresting effect is small and the deaden- for brittle fracture propagation and a tempera-
ing distance of the crack considerable. If, on ture below the u transition temperature Ts.
the other hand, the nominal stress acting on
the structure is lower or only a little above

the 9,ý -level the crack may be arrested also
below Tr It must be underlined once more that an

initiation of a fracture according to the nominal
"This statement can be applied also to the cleavage strength diagram necessarily needs

behavior of a fracture when it is running a very sharp notch, i.e. normally a natural
through a structure, passing welds and plates, crack. What is generally called a sharp notch,
In and around welded joints the stress level is e.g. a Charpy V-notch is not sufficiently sharp
always relatively high, while the nominal serv- to illustrate the nominal cleavage strength of
ice stress in parts, which are not influenced a steel.
by welding stresses, may be rather low. Con-
sequently the energy absorption will also be

very low, when the crack passes through a
welded joint whore the chevron paittern of the With the background given it is now pos-
fracture surface Is not very distinct. A higher sible to describe how welded joints will offer
de~jree of energy absorption will be found when various decirees of function stability to a weld-
the crack runs through parts of thd structure, ed structure. The expressions u1cinitind
which are subject to a low-stress levol anId and conditional unstability. metastablity,

the fracture surface shows a pronounced chav- u sl. stability and stability will be used.

ron pattern. The pattern witl be•come still
more pronounced when the propagation rate of Thus
the crack is decreasing. The.conditions for
pIopagation of a brittle fracture through a a. provided that irdtiation as well as propa-
structure must therefore be dependent upon a gatlon of a brittle fracture can take place, the

combined effect of structure is unconditionally unstable,

1 . the enerry contents of the propagatlng b. provided that propagation but not initiation
fracture, of a brittle fracturo can take place the struc-

-• *. ... .'%*,> "',.
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ture is metastable, i.e. in practice function .,
stable on static ("resting") notch effects (and lOg U' "
of course in the absence of such effects) but log,.
conditionally unstable on dynamic notch ef- 1 --

fects (i.e. in the latter case when attacked
by a running brittle fracture from surrounding " " -
parts of the structure), L

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

d. provided conditions neither for initiation, K..
nor for propagation exist the structure is 'u-2oOOU c 11
stable.2TC T

temp
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 FIG. 35. COMPLETE NC DIAGRAM, WHICH
part of the structure the circumstances shown SHOWS IN PRINCIPLE THE YIELD STRENGTH,
by Fig. 35-36 are in principle valid. This can THE NOMINAL CLEAVAGE STRENGTH (BOTH AS
be exemplified by the following: STRAIGHT LINES IN THE LOGARITHMIC STRESS

SCALE)AND THE AREAS WITH VARIOUS STABILITY
An unconditionally unstable part of a struc- ACCORDING TO THE TEXT. THIS DIAGRAM REP-

ture may be where hot cracks, hardening cracks, RESENTS THE STRESS RELIEVED CONDITION OF
flakes, shrinkage cracks or the like have form- A STEEL. FURTHER SYMBOLS REPRESENT YIELD
ed, the nominal service stress of which at cer- STRENGTH (0i ), NOMINAL CLEAVAGE STRENGTH
tamn service temperatures exceeds the nominal (0- ), CRITICihL PROPAGATION STRESS FOR BRIT-
cleavage strength 07c p in material free from re- TLf FRACTURES (0" ). LOWER TRANSITION TEM
sidual stresses (= the area L in Fig. 35) and PERATURE (T )ANtIY'PPER TRANSITION TEMPER-
impact loads cannot be excluded. ATURE (T APP. B.

On sufficiently hioh residual -stresses•, for -
instance welding stresses, the part of the log I( ,
welded structure is unconditionally unstable
already if it is subject to temperatures below _
T! and a service load is not necessary for inU- -- T
tiation or propagation of a brittle fracture (=
the area L in Fig. 36). a'

-~~~~ ~ -l -'* -

AM.ýAbLo pirt of a structure is illus- .
trated by M In Fig. 5-36. In this case the K.1 __"_________

nominal stress is lower than the Oc-curve ard 1L"",• li"
the presence of "resting" crack notches Ts
("static-notch effect") will not tead to any temp
brittle fracture risk. The area M ol botIh dia-
grams exceeds, however, the (.;,-curvo (0 the FIG. 36. SAME TYPE OF DIAGRAM AS IN JIG. 35
nominal stress necessary for brittle fracture BUT REPRESENTING A STEEL UNDER THE INFLU-
proplagation, "continuous initiation"). On ENCE OF RESIDUAL WEIDING STRESSES. THE
"dynamic-notch effect", i.e. if the part of the AREAS OF VARIOUS STABILITY ARE MARKED AC-
structure will become attacked by a rulinin9 CORDING TO THE TEXT. FURTHER SYNIBOLS RE-

- brittle fracture, stresses within the area M a PRESENT YIELD STRENGTH (. NOMINALCLEA
sufficiently high for the fracture to proceed. VAGE STRENGTH (1Y ). CRITICI. PROPAGATION
The metastability will then change into un- STRESS FOR BRITTLM FRCTURE (i r 1. LOWER

Sstability, but this is 2oadLtijoal. Since there TRANSITION TEMPERATURE (T .) A• UPPER
TRANSITION TEMPERA~TURE (f). APP. B.

-. .. .-'
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is always a certain arrest effect on a brittle stable, but the conditi-'ns in connection with
fracture on nominal stress levels lower than the initiation of the fracture which may cau se
(0c (caused by a small but still plastic deforma- this stability under practical circumstances 'Is
tion adjacent to the fracture surfaces) the un- not quite true and co;..iplete.
stability will depend on the energy contents of
the fracture and the stress level within the area One may now rc' ',rn to a publication by
M. The higher these are the more the unsta- Kochend~Srffer and Szholl.'- Also the NC-
bility will approach the unconditional one (the
O'c-Ievel 1. 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 4.An

levels, since the deadening distance is always
considerable, if a brittle fracture has once be-
come initiated.

J1--------------------

The term "quasi stability" is used as an
expression for a stablility that is not quite true /

A gu~asi stable part of a structure (stress -

and temperature area K in Fig. 35-36) is such
d part, which theoretically should be stable
because of the fact that the nominal stress is FIG. 37. THR.E -DIMENSIONAL NC DIAGRAM.
below the U.,. -level, but which is subject to WH{ICH SHOWS IN PRINCIPLE THE CONDITIONS
such a low temperature that considerable fail- F½ý: BRITTLE FRACTURE INITIATION VS. STRESS
ures may still occur through a sudden brittle- (LOGARITHMIC SCALE), TEMPERATURE AND
fracture attack. One can imagine a welded .':OTCH R-ADIUIS. FURTHER SYMBOLS REPRESENT
joint in which, owing to welding stresses and XIEI.D STRENGTH (LT s) AND NOMINAL CLEAVAGE

anotch effect, a brittle fracture has become STRENGTH (UT ) APP. B.
initiated. Let us further assume a low nominal testiNg results can be illustrated by the three-stress in surroundingý parts (beow 0,,4 Under me-in dagmschatalyhonn
these conditions the surrounding parts are
quasi stable. The crack will not propaga'e Fig. 17. This diagram with a logarithmnic scale

furter han he eadniiMdisar,-e. ut ais on the vertical :stress ax~is shows the- yield
furhertha th dedenng lisarc. bt ~strongth .ind the cleavage strength Planes adri

distance depends upon the ene.rgy retvase in
connctin wih te iitiaion Ths. ct. ol- ho--w they aro depending of the third variable,
conecton iththeiniiaton.Thi ca~ sl- tiii oae ffoct.

dom be foreseen aind the quasi Stdble- StOAtiS
nothing to rely upon. A praetic.Al vxarnpli is a
welded structure with a heavy pI-late thickness
under fabrication. Should a brtlo irieture
become iniltiated In ain kaln~st 111I.;ki d w ~id
caused by welding stre-szes ind defects, the
doadeiiing distanc-v willtvb long becouse, of tho
high-one-rgy release atid the wholo struct-tw
may be spoiled in spito of no adtiitionii sePrv-
ice lo.ad. However. ihnuld a correispindaraq
tracture occur InIOw the rurture, 1xit at the, lt-
ginning of tho welt.n.rg the doadening distance-
may be only an inch or two. C-ons "quently the
LVwIttle fracturm. Wl ec art-ested. sincxe
thOW 13 U0 3ervIC0 load acting ~as a driving
torce.

In bath w- ses tho, panse ar~ound the waldeod
Wrint are nuatsi stable. i.e. theotetically
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very small effect only on mechanical and im-

APPENDIX C pact properties. Within these limits it did not
seem to affect the precipitation itself.

SUMMRY O RECNT NVESIGATONS7. Precipitated niobium Inhibited austenite

The result of additional investigations*on~ grain growth up to higher temperatures than is
theproeriesofnioiu-(columbium) treated normally observed in aluminum-killed steels.the roprtis ofnioiumNormalized niobium-treated steel retained its

mild steel can be summarized in the following: mcaia n matpoete fe vr

I. The solubility of niobium in austenite heating up to about 1900 Or.
could approximately be expressed by the equa- 8. The ferrite grain size of normalized
tion

niobium-treated steel was on an average ASTMv
log % N) ( 0)= -200/ - .63No.* 10. 3, which is smaller than of normal
log % N) ( C)= -Z00/ - .63aluminum-treated steels. The fine grain size

For example with 0.20% C the solubility at a resulted in increased yield stress and improved
norml reeatng tmpeatur (200~F isnotch ductility, with a Charpy-V 20 ft-Ab tran-

slightly above 0.02% U'b.siintmeauerod-0F

Z.Th icrasd trnghcould be mainly 9. According to an investigation by Ronri*C,
a.therincreaed stth rengpth.o fnoim dissolved niobium retarded the transformation

attrbute to-etcti theit andip~ on of niobium
probably as carbide, with its maximum effect it r-ueti ert n erie-h

at 100 F. oars prciptate, wichre- former resulting in a marked tendency to
mained undissolved during soaiking, did not Widmanstatter structure formation in continu-
contribute to any significant extent to mecharn- ously cooled steel. Notch ductility is im-
ical properties. paired if the structure contains substantial

amounts of Widmanstatten ferrite.
3. The transition temperature was raised

mainy beaus of reciitaion ardeing10. In the same investigation niobiumn was not
mainy bcaue ofpreipiatio hadenng. found to have any substantial effect onl the

4. Aninealing at temperatures above 12004F transformation into bainite. The bainite forma-
caused sottening because of coarsening of the tion occurs as in the corresponding base alloy
precipitate. The effect of precipitation har- wihuannobmadti.
denincg onl mechanical and Impact properties

disappeared~~~~~~ afI aneln taotl~ . 1. Rolling temperature botwe,.n 1470 ' and
disapeaed aterannelin at bou 145*F. 18307 did not affect mechanical and impact

S. Hardness increase after quenching firom properties when the refleating temperature be-
solution treiatment temperatures and subso- fore rolling was '1370*F. A beneficial effect
quent annecaling at 12007 wF s 4-S tie of low rolling temperatures (controlled rolling)
higher than after continuous cooling. This onl impact proptirties, however, was observed

with a reheating temperature of ZQ200'F. In the
indicates that during continuous cooling some former ease the entire structure consisted of
PreciPitation occurs at higher tempo:aituros.
No significant procipitcition. however, was; WidmanstaIttkin ferrite and bainito or poarlite at
obsorved in the austenito when all niobium all roiling temporatures. In thea latter case the.
was lbought into tuolution. When part uf the major part of the ferrite was equiaxed. and the
precipitate remained undissolvotd, some dis- occurruncio of Wtdmanstiitton ferrite decreased
solved ruobiuni was Precipitated also in the with decreasing rolling temperature. It is
austenhto. therefore bolitivod that thti beneficial effect of

6. oolng atein he ang ZO to150F/ controlle-d rolling can mil be attributud to
6. Co~i~ rae i th rane 2' to150'F, the formation of smaller austenite- grains, and

min. measured between 1290' and 11107.? had that tho presence of someC undissolved precipi-
tate is a condition for this to occur.

*do Kazincty, F., Ax .--. A.. and Pacht -

nor. P., "Some ptoperties of niobium--_______
treated mild swtoo. ltenkmntorots AnnaW.r. * L. Rorin, Graduate Thesis WVork at the Royal
147:4 (1%1). p. 408. Institute of rechnology, Stockholm. 196Z.
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1Z. The addition of small amounts of Cr and Finally, promising results have been ob-

Mo to niobium-treated •u,'l increases the aus- tained on investigating more complex micro-

tenite grain size, whereas the addition of Al or alloy steels of increased strength in which

Ti decreases it. This was reflected among niobium is one of the micro-alloying elements.

other things in decreased yield/tensile ratio in Still more promising experiences as to the pos-

the former case, and in increased ratio in the sibility of reaching considerably higher strength

latter one, both in the as-rolled and normalized levels of micro-alloy steels after proper heat

condition. Notch ductility was affected in the treatment have appeared, but for the present it
same manner. is too early to report any details.

13. The critical stress foi brittle-fracture Our present feeling concerning the apph-
cation of micro-alloy steels for welded struc-

initiation according to the Orowan concept was

decreased by niobium in the as-rolled condition, tures, and particularly with regard to those in

but was restored after strain-aging or normal- which niobium alone is the micro-alloy addi-

izing. Niobium-treated steels, finished in the tion, is rather optimistic as to the strength

higher temperature range, did not exhibit a levels discussed in the paper as well as to

Lbders strain and revealed virtually no differ- micro-alloy steels with still higher strength.

ence between upper and lower yield points. This can be illustrated by a diagram showing,

This phenomenon also disappeared after strain- in principle, the relation between yield

aging or normalizing. Increased density of strength and weldability for various steel

mobile dislocations in the as-rolled condition groups:

is offered as a common explanat.on.

14. Niohiu- delays strain-aglng In the tern- (dotted lne p,.ssibi, dc:vel•p-
wne't micro-aliluy stt-is up

perature range of nitrogen aging by a time fact i E o y.Sb. 0 kq/nm ) jppr. '..s.
of 4 both in the as-rolled and normalized con- -

dition. Th• maximum increase in yield stress j I.s
was also someiwha.t reduced. A po)ssibe ux- II I

pianation is that some nitrogen is precipitated I
with niobiunm, th--us reducing the content A.,I. I

dissolved nitro)gen. t, AN'

In in additi Iial ve. tigti. 0 by Noren an,i L 8 . -. . i y

dte Kazilnczy" •, t.vi aus ly te ntiioned ý;n the , :.

paper, the embrottlment .of v'iri.us ste,.Is up ,is , -n
strvss r'lievvving in thI, uinmpv-,'tur, rarl g,, I- I"
tween Q 31' and 129)'I* W.t> stou't•d, , d . It

*ppt -" yi d 5itrtniith tax'. s, I i t ,
found t hat the" Charpy-V t insitinl. pt atu"r' - ir- -it4tb$

Af i sevnikiIled n rznalhitd uiz I lumi-t t.itt

steel tnCetr-.'e'A los s tha tn that At o tlimintm
treated -- ttwu- The dilagraim sh iws ,pproi.matac- ly th, y'ie id

ltrly ptonounicnu .tkwr a:in-thmg ,inc-4fit 11 Mtrtnuth rang,': i .e oroti lv plain c.lrbon Mt,_cl,

12101 a'Ind IC•II
4
P. i.-Me.stel., v it-u: mnicro-.alloy stecl in1d

low- alloy i,.e • Ist k r W %Ct-4td sttu tUri .s. ')I i-

l'ur th,'r .Id ljtli ,-tl htI , tv t i at I nv, a 'g n ef-c' i it s? .ttr, -. jIth i w ithin each (r.• -1 iif )( t', I 5

petl irmed c" )nc,rnwq :hg hwe lda i i lit y of the we lit y wi i-K-onc" Inpaimed. m.nntlvt

lniob~i-tr' tflied steels:. The-:.c invostioation:. ias-0 iqe ,ronc~t~sat rc-n

inclote cea nuibm 0 vt-ou vpnuena, tents it ,ith *r •llt'.yig 0-lernents. e •. due'tincude ,l ,',t nk~tlU• •et )I varlou.•ý: lltl'l•
incteazvod h, ,nt-h .'. This ,;,I imply. !,I.t

inl Iaot-ioitry scalle I,,. well ,-is with th, s'teel inelull- seat- velhl -ig put.:+iu;:tian, T. li,- m-iy t- C" *-m atilh-c ,,'•t"nt¾l levels - 0- ctw it.,-. e 1--
.umlmolrl,-l iy the statmntll thalt th) x ~iv- lzoup. tMat it Ian I•aVc'nl-h •- wrtWO lad-tithy

hty if ni +thiu-tmat-.es st.els; w;ithin hec - D.'lt of vlew to ch-otos the ,-t' l, •~-hch wilt

-ii 6-.i- Sm -__fie tite--pe ha- lulfill the sttrent.h :Zpe¢iJci¢tlii-S withl ' the
.. ___, ~~~~~~l-'c ;ml it. thelll3" i-NlIHJ<' It+larmldintet.ill• }a

11%Wel IV ' I -• '.' supl-eri., U' -it (.lInnl- mlllliang -nete.i* -,'•< $- 4 1t. the ;' •lhl, ti tren-gt, h t1iv-m ~ q
tO. - "+ -V- -, I 1'

*t,-v. Iad .,('e-n plli catk11 ite'-lr. in ph.itn 9r'up tatU•It hot ,i steeI th.it hat q.1 hc - ""

h, quival ,nt in tw hi t AMl. patl -cif ioc I arntge fit the ,S.t ec

jtrenotb. ene lher . nt-vtotis -1• a-vi-
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deal to be gained by using a micro-alloy steel
rather than a C-Mn--steel as, for example, KV, km/cm2

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- 15
alloy steel with corresponding yield strength
but lower in carbon and manganese will cer-
tainly withstand much more rough treatment
in the shipyard.

APPENDIX D to

EXTRACT OF INVESTIGATION FOR THE OFFICIAL
APPROVALOF COLUMBIUM MICRO-ALLOY STEEL
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 and normalized condition for use
in pressure vessels and an extensive investi-
gatioi has been performed for this approval.
The Figures 38-4I8 show some results, which
may complee the foregoing report with respect 0 ' I ___________

to impact strength, weldability and yield -O -60 -4•0 -- 0 0 #20. *0

strength at elevated temperatures, reprcsenta- tmperAlute C
tive for this type of steel. Various heats of
columbium micro-alloy steel were investigated FIG. 38. CHARPY V-NOTCH IMPACT CURVE FOR
and the one represented by the Figures 38-48 Z5 mm PIATE THICKNESS. APP. D.
had the following composition:

C 0. 16 Si 0.3Z Mn l,4Z P0.06 S 0.017

Cb 0.026
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FIG. 40. MICRO-STRUCTURE IN ?-5 mm PLATE FIG. 42. MICRO-STRUCTURE IN 5i0mm PLATE

THICKNESS. APP. D. 100 x THICKNESS. APP. D. 100 x

Mon W 
-

FIG. 41. MICRO-STRUCTURE IN 25 mm PLATE FIG. 4 3. MICRO-STRUCTURE IN 50 mm PLATE

THICKNESS. APP. D, 400 x THICKNESS. 40 4~x
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PIG. .17. IN THE ELECTRON MICROSCOPE THE COARSER PARTS Or THL: MIICRO-STRUC-

TURE IN THE FIG 4-1 AND -15 ARE REVEALED AS A HIGH TEMPERATUiRL BIAIITE. APP. I
ELECTRON MICROGRAPH 12. 000 x

KV, kgm/cm2
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rMG..18. CHARPY V-NOTCH IMPACT CURVE }'OR 50 mm PLATI: TIICKNE$$, APIP. D%


