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ABSTRACT

This thesis is a report on the research and eng-
ineering efforts made,‘since 1957, to further define the
causes and means for the prevention of catastrophic
brittle fracture of csrbon steels at ambient temperatures,
All of the data based on the literature publiéhed from

1958 to 1965 has been critically exeamined and correlated.

Included are discussions of the factors affecting
brittle fractﬁre end the tests used to predict resistance
of steels to brittle fracture, Correlations of tests
with actual service performance and relationships be-
tween tests are discussed. A review and critical evalua-
tion of present day steel specifications as they affect

brittle fracture is presented.

A number of recommendations for the prevention of
brittle fracture are nmaede, including chemical composition,
material testing, manufacturing, and quality control

procedures.

i1,



B NS
APPROVAL CF

Cr
(B
w

Entd
el

DEPARTVMENT COF CHINIC:L

DNGINDE:

s Gan we y

:\7..1. NG

B T Y 7

NEYW JIRSEY
ooy o L g
JUnE, Jyo

[

t

LJJ



PREFACE

The purpose of thils report is to review and discuss
- the recent work done on ﬁhe catastrophlic brittle fracture
of carbon steel stfuctures‘at ambienﬁ'temperature. Basged
on this information, recommendatiohé were made for the
prevention of brittle fracture. -Siﬁcé a number of ﬁooks_
were published.in the period 1957-1958, summarizing prior
work, this report concerns itself mainly with the litera-

ture published since 1957.

Much of the information published on the subject has
not been in agreement; however, the author has tried to
tle together the diverging points of view in a critical

manner,

The suthor wishes to express sincere appreciation to
Dr. Charles L. Mantell for his guidance, interest, and

encoursagement during the course of this work.

Specisl thanks to the author's colleagues at the
Esso Research and Engineering Company and the Humble 0il

and Refining Company. .

“Gfateful acknowledgement is made to my wife, Martha,
for her help and patience during the preparation’of this

thesls.
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INTRODUCTION

Carbon steel plate, when stressed in tension, will
usually faill in a ductile fashion, with considerable
energy absorption accompanied by plastic deformation,
However; the same material can, under certain conditlions,

fail in a brittle manner.

The fallure of englneering structures due to brittle
fracture 1s often catastrophic. Some major examples are:
the splitting up or serious structural faillure of many
ships during World War II,_somé even at dockside; failf
ure of o0il storage tanks during water testing; collapse
of a number of bridges of the Vierendeel truss typs 1in
Belgium; and numerous pressure vessel, drum, and steel
stack failures. Many of these falilures resulted in death

or injury and great financisl loss..

Brittle fracture 1e characterized by (&) almost come
plete lack of.ductility, negligible energy absorption and
& brittie or faceted appearance of the fracture surface;
(b) the fractured surface often has a-characteristic
"Chevron" appearance, the apices of the chevrons pointing
to the origin of fracture; (c¢) the high speed at which
fracture oéours (approaching thousands of feet per second);
(d) relatively low stress levels required to sustain a

running crack; and (e) almost all fractures originated at



a flaw, vold or structural discontinuity. The cleavage
¢racks originate at the steel's Territe grain boundaries
and propagate along the (1,0,0) planes of ferrite crystals.
(7,11). The chevron pattern appears to be associated with
the cracks proceeding in a discontinous fashion along the

planes of the crystals,

The following conditions must be present For brittle
fracture initiation to occur: (a) the metal temperature
18 low enough to inhibit plastic flow, (b} & flaw such as
a crack or notech is present, and (¢} the loading must be
such as to develop a small amount of yielding or deforma-
tion in the area of the flaw (47, 44)., Often high strain

rate or lmpact loading also contribute to brittle fracture.

The 1nitlation of brittle fracture is determined by
the behavior of the small volume of metal near the crack
which reacts to the appiied streas, I plastic flow occurs,
the structure ls not endangered since the adjacent large
body of metal assumes the burden of supporting the applied
stress. Howevér, if no plastic flow occurs in the area of
tﬁe flaw, & sharp crack extends into the body of the surround-
ing metal by a high speed repetition of the crack tip
cleavage proceses resulting in propagation of the brittle
fracture and subsequent fallure of the structure. The
stresg required to propagate the crack is considerably

less than that needed to initiate it.
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In the past, brittle fracture was usuaelly assumed o
be assoclated with low amblent temperatures in the range
of -20°F to +20°F. However, through recent analysis of
many failures and rendom testing of vesgsel steels, 1t has
been shown that ordinary steels can be brittle at all
ambient temperatures. A temperature of about 100°F is

required before the danger is negligible (15).

)

Austenitic steels exnibit little or no tendency for
brittle frécture. However, ferritic steels, which are
commonly used in ship, tank, and pressure vessellconstruc-
tion, are susceptible to brittle fallure mainly because
they lose ductility as their temperature is lowered. AL
some temperature, variously described as the "transition
temperature" or "nil-ductility temperature", the ferritic
steels change from a predominently ductile to a predomi-
nantly brittle behavior. Thils trangition temperature will
vary dependant upon phe chemical compositiocn, manufactur-
ing process, plate thickness, etc. of the steel in guestion.
The transition from ductile to brittle behavior 1s devel-

oped sharply within a relatively narrow temperature range.

The sharpness of the transition provides ihe beasgls
for the transitioh temperature approach to the brittle
fracture protlem and also provides a means for the de-
veiopment of anelytical methods for the desien of fracture

safe steel structures, The transition temperature basls
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has been accepted as the best approacn by the majority of
researchers in the fleld of brittle fraciure and therefore
 will serve as a basis for the following study of this

problen,

A consliderable amount of research concerning brittle
fracture of normal carbon steels was done in the past and
is still continuling today. Three excellent books were pub-
lished in the years 1957-1958 (24, 42, 49) which summarize
work done prior to 1958. However, these writings leave
many questlons and problemg unanswered or without much
actual proof. Some of the more important are:

1. What is the role of resgiduel stress, chemical
composition, and welding on brittle fracture?

2. The problem\of duplicating brittle fracture in
service,

3. The mystery of how & rapldly moving crack, with
no evidence of trilaxiality at its point of origin, is
initiated in gervice fallures under static stresses of
low average valure,

4, What is the effect of thermal stresses?

5. The effect of cold-forming on transition tempera-
ture,

6. The role of metallurgical variables, resulting from
weld;ng, on brittle fracture initistion.

7. How can brittle fracture resistance of steels be

better predicted?



8. Can better inspection technigues be employed?

9. Is there a better correlation between tests and
actual service fallures possible?

10. Can a new specification be written which will
give more assurance that brittle fracture will not occur,

without 1incurring prohibitive costs?

The following chapters of this report hope to answer
some of these questions, give a summary of work done since
1957, and pfovide a practical steel specification for nin-

imizing the possibllity of brittle fracture,



CHAPTER II
FACTORS AFFECTING BRITTLE FRACTURE INITIATION

AND PROPAGATION

There are many factors that affect the ability of =
steel to resist brittle fracture. They can be broksen down
into two basic groups. The first beiné those that affect
the brittle'resistance of the steel itself as measured by
transition temperature. It includes chemical composition,
grain size, hot and cold working procedures and plate'
thickness. The other group is concerned principally with
fabrication and design; such as notches and flaws in the
sﬁructure, residual stresses, stréss relieving, prestrain-
ing and welding effects.  In order to provide some addition-
al background for this study, it was thought best to re- |
view the effect of triaxiality on brittle‘fraotufe and
‘the transition temperature features of common structural

steels.

‘Theory of Triaxiality

The widely accepted pheory of triaxial stress and its
effect on notch brittleness was developed independently by
Mesnege in f906, and Ludwick in 1923, and is still valid
today. A tfiaxial stress can be developed in a plate con-

taining a sharp crack or noich as follows (29).

.If an average elastic stress is put on 'a plate in a
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dirction perpendicular (axial dirction) to the crack or
notch, a comparatively high axlial stress willl exist jJust
behind the root of the crack. In the area near ithe crack
root, the étate of stress will be biaxizl because of the
presence of the notch. However, behind the crack root,
and a short distance from it, ithe stress will be of average
value, If plastic flow is to occur, thsre must be lateral
contraction at the crack root in order to preserve con-
stant volume of the materisl. Opposing this lateral con-
traction is the large amouni of material behind the root
of the cerack which is stressed to a lower value, Ihis

glves rise to a state of triaxisl stresg, the third stres

&

being perpendicular to the plane of the plate and tending
to contract the ioterial laterally at the root of the

notch, This third stress 1s transverse tension.

A'consequence of thuis transverse tension is that the
axlal stress at the crack root will bulld up beyond the

yield stress before flow can occur. It 1ls thererore

evident, that ifka sherp cracik i1s present Iin z stressed
plate, the stress at the root of the crack must rise to
about three times the normal uniaxial yield stress of thae
material before plastic flow can occur. This may mean
that the fracture strength of the material 1s reached
before ylelding occurs. A sitaite of triaxiel stress, and
sone cher rate of stress applicetion, neither of which by

~

1tself 1is sufficient to cause brittle fracture initiation,



may together permit it to occur.

< Lo —~
T Bteels

Transition Tempsrature Festure

N

C

A baslec understanding of the transition temperature
features of steel is necessary before discussing the feac-
tors affecting brittle fracture and the test methnods used
to determine brittle fracture resistance., The generallzed
stress-temperature diagram for fracture iniavion and crack
arrest, or fracture analysls dlagran, as it is sometimes

called, is discussed below.

Filgure I (44) outlines the transition temperature
features of typlcal structural gteel. Referring to'Figure
I, the tenslile and yleld strength curves for a flaw free
specimen are shown to increase with decreasing temperature,
down to a temperature of about -200°F. A similar gpecimen
containing a small sharp flaw would have & decreasing
fracture strength as indi z2ted by the dasﬁed line. The
temperature at which the decreasing fracture stress, for
fracture initiation, becomes contiguous with the'yield
strength curve i1s defined as the nil-ductility tempera-
ture (NDT). As flaw size increases, the fracture strengtin
decreasges further, Below the NIT, & brittle crack can
propagate under a stress nuch lower than is reguired to
develop it. 'The propagation stress is normally below‘the

design stress,
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The second curve is the fraciture arresgli relationship

between stress and temperaiur

e

&)

o 1t represents the tempera-~

[§3]

ture of arrest of a propeageting brittle Iracture for
various levels of applied nominel stress. The crack arrest
temperature is defined as the "fracture transition elastic”
(FTE). It is the highest temperature above which siresses
nigher than yleld stress are reguired to maintaln propagsa-
tion (47). The "fracture transition plastic" (FTP) is the
temperature above which ITractures are entirely by shear
and the stress reguired lor Tfraciture approximates the ten-
gile strength of the stee” ., Below the NDT, there is a
critical stress (about 8000 PSI) below which brittle cracks

cannot propagate.

The shaded area between the two curves 1s called the
transition zone, where the behavior of the steel 1s some-
what erratic., It ie bounded on the low temperature side
by conditions necessary Tor britile crack initiation and
on the high temperature side by condlitions which would.

arrest a running brittle crack,

The nil-ductility temperature, or its equivalent,
may be determined for a certain stecl by a anumber of testis
directly, or by correlation with other tests. These tests
include the Naval Research Laboratory drop welght test,
crack arrest - tests, and various Charpy notch tests. A

discussion of these tests and thelr correlation wiih each



other and with actual service fTasilures will be iIncluded in

a later chapter,

Chemiczl Comvpogition

The ductile to brittle transition temperaiture can be
changed by varying steel composition., Increasing carbon,
phosphorus, earsenic, molybdenunm, or boron content ralses
the tempersture, The additlion of manganese, nickel, sili-
con, sulphur and aluminum decrease transition temperature (22,

58)0

Increasing the carbon content has a major effect on
raising the transition temperature., It has & greater effect
on fracture initiation than on propagation, This is pro-

bably due to the adverge effect of carbon on weldability.

Manganese often has been reported to have the bene-
ficial effect of reducing transzition temveraiture, %he
effect on transition temperature 1ls greater than the actual
effectxbn sérvice fzllures. \Its beneficial effect may
result from its sirengthening influence which allows a
lower carbon content for the same tensile strength, and

lower carbon reduces transition temverature,

Phosphorus will strongly increase  susceptibllity to
failure and particularly fracture initiation. It is im-

portant because 1t imparts a greater notch sensivivity in



o

areas affected by weldinz or oxygen cuttiing,

-

Trensition temperature is reduced by the addition of
silicon. It ls effectilive up to about C.25 per cent, buv

higher amounts tend to ralise the transitlon temperature.

Argsenic up to sbout 0.20 per cent has no effect o

3

the transgition temperature of both welded and unwelded
steel, Above 0,20 per cent there is some reduction in
ductility with weld bead crecking occurring. Above 0.5

percent arsenic promotes notch root cracking. (i14).

Molybdenum and boron are narmful; while small
amounts of nickel (up to 1.8 per cent), aluminum, and
sulphur are helpful, The effect of composition change on~
transition temperature as measured by a number of brittle

fracture test methods is shown in Tablé I Tor carbon,

mangenese, silicon, and phosphorus (22).

Plate Thickness, Grain Size, and Heat Treatment

As thickness of gteel plate 1is increased{ the sus-
ceptibility to brittle fracture also increases, <+his is
more assoclated with the greater chance of having inclu-
slons, cracks, flaws, non-hompgeneous heat and roliing
effects, and construction defects than with the thickness
affecting the transiilion temperature itself (58). However,
some notch toughness tests conducted by Agnew and Stout (1)

indicate a rise in tranc’tion itempersture of about 30°%%
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14.

when going from cne-halfl inch to one-inch plate.

Heat treatment and resultant grain size are impoftant
in transition temperature change, Decreasing the ferritic
grain size serves to lower the transition temperature and
increase notch toughness (21, 29, 50), but based on the
service performance of ship plate, éilliams (58), found
that grain size by itself had'very little direct effect on

brittle fracture initiation.,

A’fully killed (deoxidized) steel will have a lower
transition témperature than a_semi-kilied or rimmed (non—~
deoxidized) steel (29). Normalizing usually improves as-
rolled platé and the use of a lower finishing temperature
is also helpful. Conventional normalizing procedures,
because of retarded cooling rates, produce inferior notch
toughnesgs materlial with excessive ferrité‘graih and pearlite
aggragate size, This problem is minimized by the use of
liquid quenéhing following normalizing (19). If spray

quenching 1is used, & further improvement is noticed (10).

In Europe, controlled low temperature hot rolling is
practiced to provide increased notch toughness in hot
rolled plate product, It involves making the last passes
at lower thén nbrmgl temperatures and has shown an improve-
ment of 20-45°F in transition temperature (54). It seems

to be associated with refinement in grain slze, but the



15,

Pal

improvement decreases as The quality of the steel in-

creases.,.

Cold Forming

The greater the amount of cold Torming done in
fabrication, the wore susceptible tine material 1s to
brittle fracture. Studies by the £aip Sitructure Committee(17)
on initiation of brittle fraciure have shown thait prilor

the

(o]}

cold working of steel plates in tension has cause
steel to fracture at about 70 per cent of yield load.‘ it

the cold working ﬁas in compression, the fracture.load L&y
be reduced to as low as 59 per cent. Heatl ireatment afier

cold forming, 1f done at haigh enough tenmperatures, can

restore the origlnal ductility of the material,

Flaws

Almost all fractures originate at a flaw, void, or
structural discontinuity snd waere sitress coacentration
existed (17, 58). The severity of the flaw or notch en-
hances the chances of brittle fracture. Actual length'or
type of flaw has little influence on Initiation of brittle
fracture, but does affect the stress requlred for initia-
tion or propagation. The depth of the flaw showé only

slight effect (51).

Fatigue c¢racks, as such, are not sgevere brittle

fracture initlators. However, appreciable aging of these
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cracks can lead to initiation, particularly with severe
drop in tempersture (56j. The influence of defects on
initiation and propegation is siron
their location with respect to the non-uniformly distri-

buted residusl stresses and plastic siralins.

Welding

Welding raises the transition temperature by creating
zones in the weld bead vicinity that more readily gener-
ate cleavage cracking, The exhaustion of cold ducitility
by hot extension occurs during the cooling of welded
plates and provides some explanation of fracture initia-
tion close to welds, Studties by Williams (58}, Zar (60},
and Wells (56 incicate that fracture in welds only occurs
where obvious welding defectes are present or where the
weld metal 1s appreciably more brittle than the parent

metal,

Some tests by Sopher et.al. (5%} indicate that when
weld cracks ended in sound weld metal, brittle frecture
did not initiate. Apparently, the stretching at high
temperatures embrittles the steel adjacent to the welds (36).
Preheating of the weld area prior to and during welding
helps to prevent the formation of hard brittle micro-

constituents and microfissure in the weld (30), but does

little to reduce residusl stresses (37j. Preheat temperi=-



tures of 440-600°F are most effective, Post hneating of
the weld showed 1little change in the transition tempera-
e

ture of the weld. However, stress relieving cdoes help

=3

and & combination of preheating and stress reliel zives
the best results, Figure II (3] shows the effects of pre-

heat and stress reliel on E=-70%5 carbon steel weld metal.

e

Resldusl Stress, Pre-Siraining, and Siress Rellie:d

PR

The effect of residual stress on initiation of dbrittle

4

fracture has pernaps created the greztest controversy
i

among researchers in this field., Work done by investi-
gators prior to 1958 seemed to indicate that residuzl stress
had very little effect in structures where defects did act.
exist, Where there are defeccs, residual stresses becoue

important because they add their welght to the other nor-
g

mal stresses in the weakened area,

Since 1957, considerable work has been done concern.ng

2

the effect of residual siresses an

&

fracture initiation and propagation. Baced on extensive

®
bt

test work of Mylonas, et.al.{(13, 33, 34,35} residu
stresses did not coniribute sigairicently to the inivia-
tlon of brittle fracture of precompressed notched plates,
axlally compressed bérs, v bars subdjected to reversed
bending as long ae ductility is awmple. Their britile
fracture by exhaustion of ductility weas produced meinly by

compressive prestralining and azing. The matericl was
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unable to deform sufficiently without breaking
presirain had exhausted too much of the original

in tac region of the noiches. Fgure III (35), shows the

effect of prestraining on The Iraciure energy regulred to
cause fallure, Large flclds of residual siress may heve

some effect on brittle fraciure bul they have a greater
influence on propagation, This work alsgo showz the need
for stress relieving but vnat its mein Tunction is the
restoration of ductiiity, not the reduction of residual

stresses,.

o Y,

Boyd (9; is in agreement with Mylonas's

rindings, buid
the latter are gomewhet disputed by Freudentiaal and Larsen,

re:

]
[()

o

who believe that residusl s es &re most importa

ct
Py

wlth prestraln and resultant exhaustion of ducitility Jjusi
acting as an enforcement, Bartor and Hell (8) in their
tests of prestressed steel plates found that britilie frac-

ned specimen, even those

®
[

ture occurred in every prestr

with no extérnal load.

Kihara and Masubuchi {25) believe thet hign tensile

<
residual stresses originating ia the region near the weld
may act as a trigger to initiaite a brittle 1ractu“e it

sharp notches are present. They found thet preloading at

high temperature helps to distribute residusl stress and

(‘7

-

Ilnduces a favorable effect on reducing britiie fraciure.
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Vinckier (55), in his tests on welded steel discs
with high residual stresses in the center and with com-
pressive stresses on the outside, Tound that brittle
fracture can easlly be initlated ia sound weldments with-
out application of external loads, This occufs provided
the material is cooled to below its.transition temperature
and the area around a notch is piastically exhausted by
pfeviogs ﬁreatment. He alsb found that stress relieving
at HISQdE‘provided a safeguard against brittle fracture.
Héﬁeiér,A;f new residusal stresSés'a?e put in & gtregs re=-
lievediépécimen‘ahd local cooling is applied, brittle
ffacture'can initiate. With this serles of testé he showed
tnat stress relieving of plate benefits from removal of
res;dual stress and not changes in metallurgical effects,

,which is in dispute with later finaings of Mylonas (34).

Wells (56) believes that there is little doubt that
extensive plastic‘pregompression cen lower the subsequently
abpligd tens;oh ductility gnd thereby increase the chance
of brit£1e_fracture. As far as propagation’is cbncerned,
he states that it 1is 1nf1uencéd by the.elastic stress
field through which the crack passes and 1s affected alike
by externally applied and residual stresses., The char-
apter 9f thevcrack is controlledvby the-stregs environ-

ment at the tip no matter how applied,



In thelr two-ctlage reacture tests, Nordell and Hall
(37, found that iow stressz fractures in one inch plate
initiated and propageted Jrom noltches thet terminsied in
regions of hilgh-tensile residual siress and
effected material of higher transitlion temperature than
the base metal, Thermal siress relief reduced residusl
stresses significantly and restored the properties ol the
material near the weld, Mechanical stress reliel only

reduced residual sire
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Newnark (48} showed thaet & residusl compressive cirain
field also affected brittle fracture in that it could
act as an effective crack arrester where high tensile

residual stresses are expected,




The Iinformation in this chepter 1s intenced to de-
scrive briefly various fest methcdes used o evaluate
brittie fracture resistance as normally measured by a

1

transition or nil-ductiliity temperaiure., A comparx

toughness tesis may be divided into two groups {33). Thae

first measures a2 fracture-transition temperaiure and the

transition teumperature indicates the temperature zbove
which a fracture is not likely to propagate. The ductilivy
(ér nil-ductility) transit;on indicates the teupersture
above wihich fracture is not likely to initiate unless

forCcd bj appreciable deformationo The ductility transition
temperature is quite sensitive o mechanical fazctors and
welding variables, while the fraciure transition teuperc-

ture is not (22).

Fracture Trensition Temverature Tesizs

The Crack-Starter Zunlosion

T
supporting a vlate on a circular die and deforming itho

s N o~

plate by an explosion, Teumperaitures are defined Tor
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fracture without defcrist_on (D7)

elastically lcalcd secitlons (PIE) end propagation through
/ g o ferey

plastically lcaded sectlons (FTP).

The Navy Tear Tesi 1s used 1o determine t

o
O

transition temperature a2t which the mod

tearing, changes from shezr to predominanitl) clieavage.,
6’ Lo O

In the 8 0 D Test, & Tire crack ig initiated in the
test specimen and it Is loaded at a nominal vensile strezs
of 18000 PSI using a 15° wedge and backing up the specimen

with a 500C pound welght. The fracture 1s initiated by

an impact load on the wedge, and the lowest temperztfure
. o 3

at which tiae wireck will not propapate across the speclmen .

1s called the SO0D transition ©e

@

mpera

The Rchertson Test is similar to the S0D test in

that the specimen is placed under load and Traclture is

+-

initieated by an impact load on the edge of the specimen,
It is usually run with & temperature gm adient across the
specimen, the crack beirnz initiated a2t tie cold vexmpera-~

ture. The temperature of the plate where the crack stop:

2]

£

is referred to as the Roberison itest itransiition vempers

ture (53).

A number of PFraciure Aonecarance Tesziz are used Lo

determine the transition Ttemperaitures by esgtimating the
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per cent of the fracture that is fibrous and that is
cleavage., . The 10 per cent and 50 per cent fibrous

frecture are the most common.

Ductility Temperature.Tranéition Tests

The Kinzel Test 1s & slow bend test deslgned to

represent the combination'pf weld zone and base plate as

it appears in a structure in service (31). It méasures

the transition temperature as based on one per cent léteral
contraction, ' The test can be used for measuring changes

1h notéh toughness produded by changes in weldiﬁg variables

or with given welding conditions, measure toughness pro-

duced by changing the steel or its condition,

A Reversed-Bend Test has been developed using very
sharply bent beams to explore the infiuence of environment
on the borderline between ductile and brittle behavior (28).
Brittle fractures have been obtained from this'test, al=

though few correlations have been obtained thus far,

The Naval Research Laboratory Drop Weight Test per-

mits léboratory determination of the temperature at which
a given steel loses 1ts ability to develop more than a
minute asmount of déformation in the presence of a sharp
crack-like defect (47, 50). A weld overlay with low im-
pact properiies ;s deposited-on a small specimen and a
gaw cut notch put on the tensile surface. A welght 1s

then dropped on the specimen which is constrained so that
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it cen only deflect 0.7 inch whicn Ls, nowever, sufilici

- e

to initiate cracking in thne britile weld deposit and pro-

-

pagate into the underliying materisi. The break Lo no-

break performance of the test specimen usually occurs

Owy v .. ;
® temvperztur

within a 10

&)

pan,

(v

The temperature determined in this test L1g deflined as
the nil-ductility transition (1129, temperature. It is the
highest temperature for initliation of brittle Traciture Tor

a given steel. It has also been delermined that &t tempera-

5

tures above NDT + 6097 (FT3), =irccses higher than yield
stregss are regulred to malintaln propagation., 4t tempera-
tures above NDT + 120°% (FTP) Tracitures are envirely shear
and the stress requlired for fracture approximaites the ten-

glle strength of the steel (27).

T i

This test has been widely accepted and an ASTM Siand-

ard has been published Tfor it (Sj. A procedure has also

b
by

>

¥

been set up for normalizing the teslt using differe:

Z 1t size

specimens (46). The eficct of welding the crack starier
bead on the.specimen is small 17 the welding procedure
permits the weld metal to cool slowiy to drop the weld hard-
ness appreciably. In steels where shear can be developed
under the Weld bead, the NDT is not completsly iriGepen=

L

ent of the influence of the heat aflected zone {37,

The Charpy V-Notch and Cherdy Tesvhole Tests are il

5

pact energy tests where the energy absorbtlion prior to
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fracturing of the specimen is recorded. ' They are the most
widely used and perhaps the oldest of the tests uged to

measure reslstance to brittle fracture. The test results
are repofted as impact energy.to cause fallure of notched
specimens versus~température. Notch configuration of the

speciméns is the major difference between these two tests.

One problem in the use of these tegts i1s that energy
absorption 1s influenced by the strehéth‘level of the
gteel (20). Therefore, energy>data for different steels
must be corrected for the différence.in stfength before

any ductility comparison can be made.

A better index of ductility can be obtained from the

Charpy V-Notch lLateral Expansion Test. In this veriation

of the Charpy test, the lateral expansion of the bar is
measured at the compression side of the bar diréctly oppPo~-
site the notch, Tests have shown that expansion bears a
linear relationship with energy absorption. A trsnsition
curve of the usual shape 1is obtained when lateral expane
sion 1is plotted agalnst testing tempefature, see Figure IV
(20). The ductility component of energy absorption of the
Charpy V-Notch test can be evaluated by measuring the lat-
eral expension, and therefofé, it is ﬁpre logical to adopt
a ductility measurement wherein that is the property that

is of the most interest,

Another variation in the Charpy tests is the Charpy
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the separation of the crecik inivistion and crack propaga-
tion steges of the fracture process (40}. The technigue
requires initiation of & cracik by means of a low energy

blow and propagation of ine crackx by a full capacily Ddlow

of the impact—machinp pendulunm,

The transition temperature obtained Trom this Test
is believed %0 be the maximum temperature 2¢ whic
tiating crack cen become self-propagating in a thick piave
where the energy reguired to produce shear lips Is smail
compared with the elastic cnergy av; lable for crack pro=-
pagation, Specimen size and nolch georelry seem to have
little effect, within limits, on the transition temperature
obtained (39). However, stendard Charpy V-ioiches &re

used with precracking done well above the transition tenp-

eratures.

One source of difficulty in using noltched bend z2nd
tensile tests 1., the di:
frdcw e, Small plastic sirsins near the noich give ab-
normally high energy values. Tinis can De overcome DY
nitriding the surface near the notch {59). These lezis

- P R L N TME
Tmpact Tesis. Filz-

have been termed "Brittle Boundary®

ure V (59) shows & comparison between niirided, conven-
tional Charpy V-Noich, and Cherpy Tetlizue cracked Lovi-

blow tests. A Temperaiure called the Tibrous initiation
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CHAPTER ZV

BRITTLE FRACTURE TEST CORRELATIONS

A great deal of work has been done in an ellfory 1o
correlate brittle fracture tests with actual service ex-

AN .L
[’

ween The varicus

[
mw

perience and to develon relationshin

when sebLiling up sieel

[

tests. These correlations are useflu

specifications and when trylng to evaluate data oo stecls

o

&, However, two ILuzportant

ot

resulting from differents tesc
facts should be kept in mind. The first being thst there
is no single test which can predict the transition temp-

erature of a specific siructure gince tests cannol sva.iay

o

structure design and fabrication procedures. And seconély;
correlations should be basad uw.ox cither ductilivy or
fracture criteria, not 2 nixture of both. EXiensive corre=-
lation studlies between iests nave often resulted in con-
tradictory conclusions brougnht about by the indiscriminale

N

use of totally different criteria. The NRL Drop Weighv

-

Test and the Charpy V-Noich Tests, dboth being ductiliéy

eriteria tests, ore used as the major correlstion mediun,

Plain carioii and Lo alloy steels from various shilyp
and non-ship brittle fractures were investizeied by the

*Drop Welght Test (&7, 22, 43, 27, fThe nil-ductility

temperatures obtained were demonstirated to correlate wiitn



alloy steels the NDT correlatcs Loy, while Ter rimmed and
semi~-killed steels there 1z more ccatier in the data. Tae

only area in which there ig any real difficulty is where

},)

tough heat-affected zone struciures influence the results,

These tests also indiceted that above the NDD + 60°7
(fracture transition elesitic} 1% reguired & stress greater
than the yleld streszs itc meintein propagation of a britile
fracture, Assuuning a nominal stress level ol one-neli the
yield stress, brittle fractﬁres are arrested at sbout the
NDT plus 30-35°F. At the NDT + 120°F (fracture transition

plastic) brittle fro-iure cannct occur,

The nil-ducitiliity texperaiure should not be consider-
ed an absolute measure of zervice verformence, but zor
as a relative test ¢l dilfferent steels, It still has o

be placed in the same category of other laboratory

fracture tests.

The nil-ductility temperature obtained by the Drop

Welght test or Crack-Starter Bulge test are approximately

the same (41). Limlted Crack-Starter Bulge test data also
generally conflrm the FTZ and P72 relatlionship offered by

Pupak et. al. (43),.
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The Kinzel 1% contraction temperature and the Drop
Weight test NDT show an acceptable correlation under con-
ditions where the Kinzel test transiiion temperature 1is
controlled by the ability of the base plate to arrest a
cleavage crack (22). Departures occur mainly in alloy
steels (31). Very poor results are obtained when ‘the Kin-

zel test is iInfluenced by a notch-tough heat affected zone.

A comparison between nil-ductility temperature and
crack arrest data from many tests on Lhiék, low carbon
pressure vessel steels shows that the NDT + 600F (FTE) is
similar to but somewhat more optimistic'thén the Robertson
isothermal creck arrest criterion (i6). However, studles
at the ﬁaval Research Laboratory (27) demonstrate that the
Drop Welght test can be used to establish the crack arrest
temperature well enough to eliminate the need for large
scale crack arrest testg, Even though the nil-dﬁctility
temperature can ﬁe used to predict crack arrest, it must
be remembered that the Drop Welght test is more closely

related to a crack-initiation criteria (50).

Charpy V-Notch Correlations

The Charpy V-Notch test is the most generally used

test. Good correlation of Charpy-V energy data with ship
fracture performance has been obtained (47). The range
(3-10 ft.-1b.) and the average (6.2 ft.-1b,) correlations

of Charpy-V energy with nil-ductility temperature are in
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turces of the ship fractiure
Tt.-1b. and an averase of 7.4 TL.-1%.). DBecauss of
correlation it beceme common %o sneciiy steels naving &
15 ft.-1b. energy at the expected minimum service lempera-
ture, The energy data at about the 15 ft,.-Ilb. level wa:z

considered to provide a measure of the ductility transi-

tion temperature,

-

While a correl Lion with performance of carbon struc-

tural steel was aemOHSorate , considerable evideﬁce has
been edvanced to show that other grades of steel, particu-
larly killed plain carbon and low alloy depart from these
correlations unlegs higher levels of energy absorbtlon ar
selected to match Charpy transition temperaiure o acltual
service failures (20). This occurs because the tesi is
influenced by both steecl sztiren

the well established Charpy V-Notch test al

W
O
o
i)
[43]
[®)
[}
D
[

successful in correlating with ship service experience,

t with other tesitu

e

many attempts were made vo correlates

and with variations of the basic Caerpy V-Noltcn tesi,

The Charpy Kevhole lest was used 1oy many yearl's as

a test for brittle Tfraciure zsuscepliiblility and a iS5 fte=-

1b., 1imit was plac\_,“ codes et one time, However, Charpy
V=Notch results ares belliceved Lo nrovide a better indication
of serviee behavior becauvse ol the correlaetions developed
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¢

between Charypy V-Notch T:.:% dota end shin perlorzzcace,
Bothh tesis provide about the same relaitive ranking of

steels (22).

The Charpy Keyhole lata tend 1o have more scaliier,

S
LRV

and the 15 ft.-1b. criterion has not provided an as

L)

134

ance of safety since a number o fallures hove occcurred
with steels that hel: a Xeyvhole value above (35 TL,-1D0.
at .z Tallure temperature, 4L comparison of the Charpy

Keyhole Notch and Charpy V-Noich Tor an ABE Class C

ure VI (53). The Charny V-Noich

o
<

Steél i3 shown in Fi
shows a much lower evergy level Tor the same testing telp-
erature. Flgure VII (22] shows the relatlon ol Chcrpy Ve
thch 10 ft-lb.energy with that of the Cherpy Xeyhole nii-
span ilemperature, Taey show o Talr correlation but it

Py

would be necessary to adli 30°F to the Xeyhole midzpan

ct

O
ct
o
®

temperature to make it scuivalent
V-Noich temperature, which in iitself is marginal ia pro=-

viding freedom from britile fraciture,

The Charpy V-Notch

wlth energy absorption, tubt if an expension criterion igc
used,.the provlem of adjuciing the energy sbsorpiions a:s
the strenzth of the steels chenzes is eliminaved {40, 169,
A transitlion curve of the usuel shase ies ovtained when

lateral expansion 1s plottedvagainst testing tempsraiure

The validity of this expeznaion criiterion still must be
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temperature end the 50 per ccnl snear Iracture temperaiture
shows a sgeparation o

correlation curve doegs notl sncw a one-ito-one relation,

Yy Yy T . TR - a o & - Ao L g . Y e vim
The Charvpy Lovw Blow Treansition temperaziure nos becn

ahown to correlate wiith some zcervice fTailurecs, Iince this
test provides more of & crack arrest type criterion it

shows a good correlistion with wide plate crack arrest

tests (40) .

For stancdard semi-killed and rimmed steels, the S0

Britile Fracture <iransitlon vemperature correlates with

the Charpy V-Notech 15 fi.-1b. transitlion temperature.
Pully killed fine-grained stecls correlate better with the

Charpy V-Notch 30 fi.-1b. transiilion temperaiurc,

Drop Weizhit Versus (he

Lo

A generel linear correlatvion exists beiween the Drop
Welght nil-ductility teumperature and the notch woughness,
Soteh ductlility and fracture appearance Charpy V-Noich

the normal scaiter 0h-

[
[l

transitlion temperatures. There

gserved in any brittle Iracture tzzt correlation,

2 r-~l T T S S -~ ) ., -~ K Sy ol ~von
Figure VIIH18) iliucirates the relaitionshiv beltweer

the nil-ductility temperaiure and various notch woughnesz
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N s R TN - Cam A > = Y- ~ [
tests (10 TL.-1b., 15 7. "Db, and 20 fU.-1b. Crorpy V-

Notch and 50 per cent Fitrous fraciure V-Noichj;., Tas
slopes of the correliations are nedrly merallel, DUl ars
much lesg than unity. CJ7 U
1b, Charpy V-Notch shcws the Lest correlation and the 50

-1

per cent Tibrous fraciture the worsi. However, evesn the

15 ft.-1b. test shovwrincreasing

taj

the area of =50 ©

This diuJLr¢uJ is rcemoved considerably iv the Charpy

V-Notch testi is evealuzied as & Jucillildy test. Figure X
(18) 1s a plot releting nil-ductility temperature with

noteh ductility tests (50 mil, 3 =2il, and 20 nil Charpy
V-Notch lateral expsnsion;. Tiae 50 per cent fibrous frec-
ture is also included fTor comparison. A1l these curves
are parallel lines with slopes similar to the one-tlo=-ouc

correlation line. Correlation with the 15 mil expension

line i3 the best,

Lateral expansion is beliieved Lo be a direci measirs
of notech duectility in the Charpy V-Notch tesit,and the Drup

Welght test 1ls conasidered tegt sor ductiliiy transition

W

t

behevior, Therefore, & corrc.at.on beiween the Lwo 15 o
3

be expected providiang a noiteh cucitility rather than a

notch toughness criterion is uzed,

Orthogonal-regzrescsion wasg used Lo Getermine the
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equations of ths correlotioa 1ine
equations of the best of cacn sci
15 f1.-1b NDT (9F) = C.T6[15
15 mil NDT (Yr) = 0,941 3

Low EZlLow

The Charpy V-Notch

g

has been shown to correlete with

Yo

id\/

ture within about 20°¢. owever,

high side (40},

—
ey AT 2 m - =
S ‘e IoLlliowWwing are Lae
<
. - v AT SO
Tt.,~-1b. CVN 97;-89%
- vy ey T o K vy
mo < Cv A &) -7
B I S R U, I
CIRNTLOLON Lellperaiure
) a3 g - oy
the nil-duvctili tempera-

t was usually on the
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Two basic methods have teen used In prevaring steel
specifications desizned toc minimize the chance or
fracture, The first is thet of zpecifyinz chenmical compo-
sition and steelmaking pr ctice along with the customaly
regulrements of tensile strengith, yield point and elonga-
tion., The other metnod is by the specification of suitable

test requirements that demonstirc.c the toughness or impacy

1 e
-

[,
01

reslstance of a steel at its lowest anticipated operat

temperature.

Until about 7948, the normael practice in the United

States was Lo specif{y the melting process and ordinary

LN e I o A v LI A e
1 O48, the American

-

tensile and bend test recuirements, In

“

1

Bureau of shipping revised their g
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plate by requiring Class 3 steel Tor u ingh to 1 inch

2

plate and Class C for plate thicker than i inch., TFor

Class B and ¢ steels, in additlion 1o mechanical test re-
quirements and a 1limit on impurivies, a range Tor mangencie
and a limit for carbon wa é gpeciified., In addition, Clacc

C steel had a silicon specification and an added reguirc-

ment that the steel be made to Tine grain praciice (46).

It was not considered practicel to include impact Lesd
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regulrements at that time. L=z
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specitied thet nlates cver |1 2/& Lnchn thick should bTe
normalized, fel up Lors LU
bend test recuirements, and svpech
made by the onen hearih or eleciric urnace pracilce., s

chemical composition specilicatlon of a typical ghip =

ASTM A 131-61, is shown in Tadble II (5.

The ASME Boiler andé D2rescsure Vessel Jole, Sectiion VIIZ

P
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kg

(4) in 1962 still di& not reguire an imp
steels operating above -20YF., However, full X-rays of
welds must be made on all platesz thlcirer than 71 inches.
Below -20°F 1t requires pressure vessel steels Lo be im-
pact tested and thalt the wuinimun average Charpy Keyhole
value of three specimens be 15 ft.-1lb. with a
10 ft.~-1b. permitted for one ol the gpecimens. Charp;

Xeyhole or V-Notch tests may be used. Slress reliel and

normalizing are required for operaition below -2097. The
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The chemical compogition of a pressure Vessel steel
which will give satisfactory low temperature (-50°F min)}
performance is shown on Table III (5. It is an ASTM 4-20;
steel with an ASTY A-300 reguirement for operaition at low

o

temperature, The plates must be made in an open heartih
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Crade A Grade B Grade C

Plate Thickness up to % in. % in. to 1 in. 1in. to 2 in,

Carbon, max. % ———— 0.21 0.23
Menganese, % ————— 0.80-1.10 0.60-0.90
Phosphorus, max, % 0.04 0,04 0.04
Sulphur, max. % 0.05 0.05 0.05
silicon, % c—— e 0.15-0,30
Tensile Strength 40,000 44, 000 42,000

‘ mi‘.,psi

Yield Point 22,000 27,000 23,000

" min, psi

CHEMICAL REQUIREMENTS FOR ASTM A-131 STEEL (5)

(LADLE ANALYSIS)

TABLE II



Carpon, max. %

Plates under 1 in,

v in, to 2 in.

2 in, to 4 in.

4 in, to 8 in,

g in, to 12 in,
Mangeanese, max. %
Phosphorus, max., %

iohur, max, %
Siiicon, %

Tensile Strength
pul

Yieid Point
min, psi

Grade A

0.20
0.24
0.27
0.31
0.35
0.80
0.04
0.05

0.15-0.30

55,000 to
65,000

30,000

Grade B

0.24
0.27
0.30
0.35
0.80
0.04
0.05
0.15-0,30

60,000 to
72,000

32,000

CHEMICAL REQUIREMENTS FOR ASTM A-201 STEEL (5)

(LADLE ANALYSIS)

TABLE IIT
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or eleciric furnace and L7 2 lncher or more tnick, must
be treated to produce zraln relincment oy normalizing or
heating uniformly fo” hot roliing. A Charpy type lmpacy

test with 35 T 1o reculrement &t

temperature is &lso specl

Tsso Research and Inrineering fompany nés sel up
special requirements Tor seleclting and testling cieels
operating at temperaturcs between -2007 and +80%% (15,
It supplements the ASKE Codes. ZFor temperaitures -20°9F %o
+30°% any head,shell or pressure weldment exceeding ¥ inch
in thickness must mectv the impact reguirements of an ASNE
Code steel operating below -~20%F, TFor the temperaiure
range of +31°F to +60°F, a fully killed or vemi-killed
steel must be used., An Lapaci test is not reguired for

a fully killed steel.

The 15 ft.-1b. Charpy Keyhole test criteria vas

widely used in Codes both in the Unlted States and abroad

<t
(@]
s
o
63
v
P
ot
H
]
Fy
by
(6]
[¢]
c/
L

P.)
(4]
<

HO

o
o
<3
@
t .
A

for specifying steels to &
the Charpy-V Notch is neow suppianting the Zeynole test

'basea on recent test work. The Charpy Keyhole was zuch
»tpo optimistic, and several Talilures occurrcd, With the

increased use of fully killed and z2lloy cteels, it is bo-

coming app renu thet the Charpy V-Notchh 15 Tt,-1b. crictericon

ig alco not sufficient,



b e et A e - S I o S TN e mia v D om A aemy
Ciaxrik ({7, nas estoolosheld Crhorny W-llotch minizun

important.

pressure vessel sicels,

eritical services, Lange, et.al. (27) in the fracture
analysis diagrai approach, nasz proposed increasing ithe

number of degrees cdaec Lo the NDT depending on how ¢ri-
tical the applicsv.on i1s. Hi:
(a) NDT-where protection s nesded agalinst driitle Irecuurs
initiation due to sm&il Tlaws in locally stresszed areas.
(5) NDT + 30°F- guards againgt Iraciture propagation LT

the siregs is lesge then one-half the yield stress.

3
T 01‘1 s . L3 -5 . - S A S -

(¢) NDT + 60 %~ protects ageinst fracture propagation up
to the yield stresgss of the material.
(@) NDT + 120°P- Only Tull shear Fraciures can ocour:

appiicable to submarine anc otner wmilivary usco.

A procedure (27,15 for hydrostatic itest conditions,
deslgned to eliminate the -possibililty of brittie Iruciure,
héé veen put into exiensive use, VWhen zhell thickncsses
are 3/4 inch or greater, the water must be a nminimum of

100°F unless the transition temperziure of the steel is



¥Min., Energy,
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ft.-1b, Charpy-V

To Prevent

To Prevent

Fracture Initiation Propagation

Tyne of Steel

Rimmed and semi-killed i0
Fuily killed fine grain 15
High strength 2. 25
Qnenched;and tempered 30

VARTIATION OF CHARPY V-NOTCH MINIMUM ENERGY

CRITERION WITH TYPE OF STEEL (11)

TABLE IV

15
25
35
45
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known. If the itransitlon tempersiure 1s known, ithe wealer
temperature should be i leasy 0 F auove it, Gls re-

s . ' ~ .y P I N . ST S — o~ A} -
gulrement is porileulcorly mnorvant Tor vessels waich have

been deslizned to overate cv hish temperaiures,

Many fabrication and design zrccelures have Tteen

P

fort 1o improve workmenship and reduce

¥y

developed in an e
flaws as an ald ia preventing briititle fracture, Howuever,
the elimination of {flaws onx & consistent baslis cocunot ve
agsured so that the only wey t¢ be sure oi

gtructure 1s to specifly ¢ matericl ag

resistant as possitle,
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