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AN INTERPRETIVE REPORT ON THE METALLURGICAL AND
ECONOVMIC ASPECTS OF SHLP STEELS AND THEIR RBLATION
i TO BHEIP PAILURES

INTRODUCTION

Catastrophic failures of all-welded merchant ships and
tankers oecurred unexpectedly during World Wer II. In retro=
spect 1t can be seen that a long series of earlier brittle
failures of steel structurss gave notice of the difficulties
that might be encountered in all-welded ships. 1In 1942, how-
ever, no sumary of previous failures was avallable.

The fallure of & ship on the ways and of others tled up
in poft caused concern and even doubt as to whether the welded
ship program should be continued.

Urgent engineering studies were Initlated by a Board of
Investigation appointed by the Secretary of the Navy. 1In 1946
ﬁhe Board completed its work and recommended a cecontlnulng
study of the problem of brittle fracture in ships. Its suc-
cessor was the Ship Strucbure Committee convened by the Secre-
tary of the Treasury. Advisory services on the metallurgical
aspects of ship failures were requested from the National
Academy of Sclences-National Research Council. Accordinglj,
the latter organization formed the Committee on 3hip Steel to
sssist the Ship Structure Committee in planning and maintaining
o research program in the field of ship steel metallurgy.

These groups have made possible continuous attention to the

brittle fracture problem in ships since 1942. As a result of
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their very effective coordination of a variety of programs,
more is known aboubt the category of ship failures than about
any other involving large structures. Under the Ship Struecture
Committee, studles have been made of the propertiss of plate
teken from failed ships. Investigations of the propertles of
ship steel now belng produced are continuing. Many research
projeets on the metallurgical and mechanical factors which
influence the brittleness of steel have been completed. Others
ere still belng prosecuted.

Much progress has been made toward an engineering sclution
of the problem of brittle fracture in ships. Design and fabri-
cation practices that can reduce brittle fracturs are now in-
eorporated into new ship construction. Improved steels under
Ameriean Bureau of Shipping specifications have been in use
since 1947 and further improvements are now being made. Com=
pleted research projects have pointed the way toward control
of the noteh toughness of ship plate. It therefore seems an
approprilate time to establish the current status of research
and of shipbuilding practice relating to the reduction of
brittle behavior of plating in ships.

This interpretive report will consider several aspects of
the brittlé fracturing problem in ships:

1., The factors that affect the brittle fracturing
of ships.
2., The feasibllity of eliminating the btendency

toward brittle fracture in ships.
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3+ The relationship between the brittle fracturing
of ships bullt during a future emergency and the
notch toughness of the steel used, consideriﬁg
the use of World War II, current, and proposed
alternative sieels.

. The economic and techniczl factors that affect
the production of ship steel of adequate notch
toughness to eliminate brittle fresctures,

This report 1ls a presentation of the salient findings,
conclusions, and recommendations. Appended to the report are
Exhibits in which more detailed accounts of the supporting in-
Tormation are presented.

This report was prepared under the sponsorship of the Ship
Structure Committee and with the direct advlsory guidance of
the National Academy of Sciences-National Research Council's

Committee on Ship Stesl.

A, CONCLUSIONS
1. The consequences of ship failures during World Wer II
due to brittle fallures were so grave that every practical stew
should be taken to eliminate the possibllity of thelr recurrence
at present and during any fubture emergeuncy.
2. A combination of three conditions is required for

brittle fractures of ships in service:
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g+ The existence of stresses from all sources
probably in excess of about 10,000 psi.#

b. The presence of a2 severe notch introduced by
unsatisfactory design details or poor welding
practices.

¢. The use of ship steel with low notch toughness
at the operatiﬁg temperature.

3. It is not feasible to operate ships at stress levels
from all éources that are low enough to eliminate failures.

i. A& substantial reduction in failure rate has been
achieved through elimination of severe notches by improvements
in design detalls and in fabrication practice, but complete
elimination of failures by flawless deszsign and construction
does not appear to be feasible.

5., It appears that brittle fractures in ships would be
virtually eliminabted by utilizing steel with a mean Charpy V-
noteh 15 f£t-1b transition temperature of 10 P and, at the same
time, using good designs and fabricatlon techniques.

6. Ships built of plate with the low notch toughness of
World War II steel wlll almost certalnly be subject to fallure
due to brititle behavior (particularly if operated in a future

emergency) tunless there ls extensive use of steel of greater

#It has not been possible to establish the actual stress
levels existing in ships at the time of failure. "Where failures
have occurred under nearly static conditions, the calculated
stresses resultlng from weight and buoyancy distribution have
been much lower than 10,000 psi, but we have never been able to
determine whether there were any thermal stresses or locked-up
atresses, or if so, thelr magnitude." (Ref. 21)
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noteh toughness for the plating in critical locatlions or opera-
tional use of the ships only in trople waters.

7. Ships built of stegl made to American Bureau of Ship-
ping specifications ABS~A, A38-B¥% snd ARS~C should be virtually
free from service failure due to brittle behavior, even 1f
operated in a future emergency involving a 10 F lower operating
temperature than during World War II, except that some fractures
may occur in the sections made of the ABS-B grade produced from
19L.7 %o 1/31/56%.

8. TUnder conditions of a future emergency involving large-
scale ship constructlon programs, ship steel will probably be
restricted to semikililed grades. This will necessitate using
a semikilled alternative for plates over one inch in thickness
where killed steel made in conformance with ABS-C now apnlies,

9, A semikilled grade combaining 0.20% max carbon and
luOO% to lQBS% mangenesse appears to be a satisfactory alternate
for AB3-C steel in plates over 1 iIn. and at least up to 1 1/2
in. in thickness. This steel has about the greatest notch
toughness that can be achieved in an as-rolled, semikilled
grade made to current practice and to strength levels now

speciflfied.

#0n November 9, 1955, bhe American Bureau of Shipping
adopted a change In the chemical composlition of ABS-B sfteel to
be effective January 31, 1956, as follows:

Carbon Manganese
01d requirement 0.23% max 0.60% to 0.90%
New reqguirement 0.,21% max 0.80% to 1,10%

This change should substantially improve the notch toughness of
AR3-B steel. A change in the carbon content of C steel from
0.25% max to 0.24% max was also nade,
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10, Although completed research points to a solution to
the brittle fallure problem in ship steels at current strength
levels, there are importanf investigations in progress that
should be conbtinued. Consideration of the relation between
mill practice and notch toughness may suggest other ways of
achleving improvements. Baszic studles of the influence of
metallurgicael structures on the mechanics of fracture can be
expected to contribute valuable information. Studies of the
notch toughness of ship steels at other levels of strength than
now in use may be necessary in anticipation of the use of such

materials,

B. RECOMMENDATIONS

1. A program aimed at gaining production experience with
a proposed semikilled alternative for AB3S~C steel should be pur-
sued in preparation for emergency need,

2. Lvery effort should be made to insure an adequate supply
of manganese for the production of semlikilled ship steel of ade=
quate noteh toughness during a posslble future emergency.

3. A continulng sbudy should be made of the composition
and notch toughness of production heats of shlp steel and their
relationship to mill practice in order to establish that the
noteh toughness of ship steel is kept under control as technoe

logical change occurs in the steel industry.
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¢, DISCURITON O SHIP FATLURLSS
IN SEIP3 BUILT DYRING WORLD WAR II

Ship fallures obviously involve a wide variety of incidents,

including collisions, groundings, and severe sbtorms. In World

Wer IT the catastrophic failuresz of welded ships associated with
hristle behavior of the steel, often under what seemed to be
rather normsl conditions, caused widespread concern., Brittle
frachures had been observed in riveted ships but, in most cases
the crack progressed tarough not more than one plate, in many
cages stopping in rivet holes or at riveted seams. In the welded
ships the muech more continuous structure allowed the crack to
propagate throvugh many plates until the crack was stopped by
lacl of energy for propagatlon or by some barrier such as tough
steel or a structural discontinulty.

Failures due to brittle behavior in these ships were classi-

-

ied asccording to the length and severity of the fracture. Two

1..

of these classes® will be considered In thls summary:

1. A Group I casualty, cefined as "a ship with one or
more fractures waich have weakened the hull so that
the vessel 1s lost or in a dangerous condition,"

2, A Group II casuelty, defined as "a ship having one
or more fractures which are generslly less than
10 feet long...that involve Tthe main hull structure

and are potentially dangerous,"

#The third clsss of failure, the Group III, Includes those
fractures which do not £21l1 in Group I or Group 11,
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The rates of failures for various classes of ships have
been reviewed in detail(z’ll). In thils report 1llustrative
data are given in Table 1 for two classes of dry cargo ships,
the Liberty ships and the Victory ships, and one class of tanker,
the T-2 tanker. Table 1 indicates separately the Group I and
IT failure rates, but the discugssion refers only to the com-
bined rate.

The Liberty ships represent a deslign that was intended for
large-scale production. Welding was necessary 1f the schedules
were to be met. The first all-welded Liberty ships suffered
Group I and Group II casualtles at a rate of about 200 per 1000
ship years of service. By redesigning the hatch corners and
other eritical locations to reduce local stress concentrations
and by improving the quality of the welds, this fallure rate
wag reduced to about 35 per 1000 ship years of service.

The Vietory ships represented a later design and a faster
type of dry cargo vessel. They were also nearly all-welded; butb
sinee they were designed after the initial Liberty shilp faillures,
they incorporated improved details and fabrication practices
from the beginning. As shown in Table 1, they had a Group I
and Group II casualty of failure rate of about 7 per 1000
ship years of service.

The zll-welded T=-2 bankers bullt in large quantities during
the war incurred about 65 Group I and Group II casualties per

1000 ship years of service early in the war, as shown in Table 1.



TABLE 1. RWCORD OF STRUCTUEAL PTRFOTMANCT O YARTOUS TYP,RS OF 1TMID®D SHIPS
(FROM START* TO MARCY 31, 1953)

— - m—— = . —

Combined

Groun I Group IT Groun I
Type Ship Years Groun I Casualties Group IT Casualties and IX
of Service Casualties mnear 1000 Casualties ner 1000 Casualty

Shin Years Ship Years Rate

TC-2 (Liberty Ship) L.
1. All-welded with 2100 88 43.8 320 153.7 195.5
original details .

2. All-welded Seams,

improved details 7303 Lo 5.5 214 29.3 34.8
and some riveting
VC-2 (Victory Ships) 2695 L 1.5 16 5.9 7.4

T-2 (Tanker) l
1. A1l welded 1483 28 18.9 69 46 4+ 65.3

2. All-welded with
riveted straps 2064 25 12.1 ol 45,5 57.6

*Records cover saorvice performance from date at which first vessel of each
group was placed in sarvice.
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Some modifications were then introduced, including the addition
of riveted straps that interrupted the continuity of the struc-
ture and were expected to serve as crack arrestors. Group 1 and
II casualties in the modified ships fell only slightly--to about
53 per 1000 ship years of service. However, the severity of
eracking was somewhat reduced by the crack arrestor.

It is important to note that the failure rates of the two
classes of dry cargo ships were reduced drastically without
resorting to improvements in steel toughmness. Much less suc-
ceas was achieved In treating the tanker fallure problem.

The over=-all cost of the failures due to brittle behavior
and the corrective measures taken to reduce the rate of fallure
was nearly $100,000,000 expressed principally in World War II
dollars, as-shown in Table 2.

None of the intangible factors, such as loss of life, loss
of cargo, interruptions in the supply line, and lowering of the
morale of operating personnel can be expressed in dollars, but
their net effect was of great importance, Brittle fractures in
dry cargo ships and tankers were not eliminated during World
War II1.

D, DISCUS3IION OF THE COMPLETE ELIMINATION OF BRITTLE
FRACTURES IN SHIPS DURING A FUTURE EMERGENCY

There 1s much justificstion for the adoption of practices
snd materlals that will eliminate the service fallure of ships
due to brittle fracture under the usual conditlions of service

that could be anticipated in a future emergency. A recurrence



TABLE 2. SUMMARY OF COST OF SHIP FATILURES

1943 to 195k

Casualties - Group I % 140,000,000
Casualties = Group II 5,000,000
Casualties - Group IIT 1,000,000
Improvement in Design Deteils and 16,000,000

Reinforcement of Ships
Research Program 14,000,000
Total $ 96,000,000

of fallures which would result in lost lives, lost ships, lost
cargoes, and delays In meeting logistle schedules could have a
very serious Impact on morale since there has been enouzh time
since World War II Tor development of & solution., The need for
corrective action in the face of an outbreak of failures would
demmand the attention of many responsible people whose efforts
counld be used to better adventage.

The serlousness of the ship failure problem was enhanced
by the impact of the combined Group I and II casualty rates., Even
if the rate of fallure of ships in eny future emergency were
quite low or limited to Group II casualties, any recurrence would
Jraise apprehensions about all ships In the light of vast experi-

ence., To insure against a prepetition of loses, expenditures for

repalrs, and the many delays and other debtrimental efflfeclts, ac-

tlon should be taken to insure against a repetition of ship
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failures in a fubure emergency, partlicularly in the Group I

and Group II categories.

K.

GENERAL DISCUSSION OF CIRCUMSTANCES SURROUNDING
BRITTLE FRACTURES OF SHIPS

It is now clear that brittle fractures in ships occur

when fhree conditions exist(é):

1.

First, a sufficiently high stress must be present.

The rate of failure in World War IT was many times

as great under the stresses iImposed in heavy sesas

than under the lower stresses in bort. However, even
in port the low applied stresses, perhaps in combina-
tion with thermal stresses resulting from differential
air and water temperatures, solar heating, or other
causes, and regidual# stresses introduced during fabri-
cation, were great enough to cause some failures.s
Second, a notch serving to concentrate the stresses
must be present(23). Notches that gave trouble took
the form of design features such as square corners in
hull openings, and fabrication defects such as cracks
or volds in poor welds. Some fallures were assoclated

with a defective weldment or an arc strike, often act-

#Regldual stresses are stresses which exist in a structure
et uniform temperature when no outside force 1ls acting.

#wt8ee Exhlibit I.
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ing in conjunction with a structural discontinuity.
3, Third, the steel must have low rotch toughness at the
operating temperatures. To avoid failure, the steel
must be able to deform rather than to crack at the
root of the notch at gervice temperatures(g’lo’lg)e
A measure of this ability of steels to deform rather
than to crack is often indicated by the term "notch
toughness". The level of notch toughness of ship
steels® that falled in service 1s known with a good

degree of preclsion.

The Feasibility of Ellminating Brittle Fractures in Ships

by Lowering Stresses. To design a ship for operation at a stress

level lower than the level required for brittle fracturing ap-
pears to be impraéﬁicaloﬁ% It would be necessary to increase
the thickness of structural plates in order to reduce the design
stress level below this value. Special attention would be re-
quired to compensate for the effects of structural disconti-
nuities and residual stresses. Thicker plates would increase
the tonnage of plate required for ships and reduce the pay

load, Furthermore, the posslbility of exceeding the design

stresses would always exlst. From experience in World War II,

#Merchant ships and tankers used during World War II were
constructed of shilp steels in the range of below 1/2 in. up to
1 1/2 in. in thickness, wlth the majority in the range of 3/l in.
to 1 in.

#4:8ee Exhlbit I.
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it is evident that wartime operations can lead to unusual
stresses from heavy deck loads, poor ballasting, and other
clrcumstances beyond the control of the designer.

Reducing the stress level below the value at which brittle

cracks will propagate does not appear to be an acceptable solu-

tion to the ship failure problem.

The Feasibility of Elimlnating Brittle Fallures 1n Ships

by Elimlinating Notches. Brittle fallures generally require

the presence of sharp notches.%* In ships two kinds of notches--
those introduced by design and those resulting from poor weld-
ing-=-often are superimposed. The design of the original hatch
corner in the Liberty ship was undesirable from the standpolnt
of stress concentrations. It also was difficult to weld so as
to avold defects.

After critlical study, the hatch corners were redesigned
by rounding the corners, adding doubler plates, and making
other improvements. As soon as 1t was found that a cut-out 1n
the sheer strake was a source of many fallures, a design change
was made in production. These changes and others were incor-
porated in service as soon as possible.

In an over-all investigation of the failed ships, many
examples of poor welding were found. Fractures in welds that
were examined at the National Bureau of Standards occurred only
where very evident welding defects were present(23). In the

rapid expansion of facilities for ship construction, inadequate

#For a comprehensive review, see Ref. 19.
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attention had been glven in some cases to the training of welders
and to the welding practices. Iull appreciation of the importance
of strict adherehce to certalin fundamentals of good welding prac-
tices had not been acquired. To overcome these difflculties,
additional instruction wes provided for welders and inspectors.
Efforts were exerted to raise the stendards in qualifying tests.
Inspection procedurss were made more rigorous; snd, as time

went on, the quality of welds improved.

Despite the Improvements in design and in febrication
prac€ices, it is not likely that shlps cen ever be entirely
free of notches. Even 1f the original design and febrication
are perfect, alterations and maintenance work may introduce
notches. Attachments added for cargo storage or plate handling
are welded and removed without partlcular concern about their
possible role as crack inltiation points. Many ship failures
can be traced to repair work(23).

The incldence of brittle fallures in service has been re-
duced by improvement in design and fabrication practices. How-
ever, complete elimination of notches is virtually impossible
in original coﬁstruction, and ships are often rnodifled and

altered while in service. Rellance on flawless designs and

fabrication practices as a complete solution to the ship frac-

ture problem in the future dces not appear to be warranted.

The Feasibllity of Eliminating Brittle Fractures in Ships

.by Improving the Notch Toughness of Ship Steel.

a. The Notch Toughness of World War II Ship Steel.
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When ship failures due to brittle behavior first occurred,
it was generally assumed that the steel had ductility properties
below the specification values., However, samples of the falled
piates conformed in every respect to the applicable speciflca-
tions. They had an average yield strength of 35,000 psi, a
tensile strength of 62,000 psi, and an elongation in 2 in. of
35 per cent in a standard tensile test. Inspection of the
fractured pletes revealed that very little plastlc deformation
had occurred and that failures were brittle. This brittle be-
havior did not seem compatbible with the good ductility of the
plate material in the tensile test.

In the course of the study, tests were made of the notch
toughness of the steels, a property not covered by specificstions.#
The notch toughness was evaluated over a range of temperatures
by the Charpy V-notch impect test.®* The energy required to
break the bar decreased markedly as the testing temperature was
lowersd. This drop in energy was a result of the change of mode
of fracturing from shear (ductile behavior) to cleavage (brittle
behavior). It is now known that this is characteristic of all
ferritic steels(lg). However, there can be considerable dif-

ference in the temperature range where the brittle behavior is

#See Exhibit II.

#%This test 1s made on a carefully maechined specimen about
Oy in. square and 2 in. long. A V-notch 1s machined in one face.
The speclmen is supported at both ends and broken by a swinging
pendulum which strikes opposite the notch.
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observed. To facilitate analysis of the results, the tempera-
ture at which the bar absorbed 15 ft-1b of energy while fractur-
ing was found for each plate tested., The 15 ft-1b Charpy V-notch
transitlion temperature of steel from falled ships ranged from
about O°F to about 10 F with an average value of 70 F. Typical
transition curves are shown in Fig., 1.

The fracturéd'plates were divided into three groups: plates
containing the source of the fracture, those fractured through,
and those containing the end of the fracture%(7’8). A comparison
of the distribution of transition temperatures estimated for all
World War II ship steels and those of the source plates is shown
in Fig. 2.%%

A1l plates which contained the source of frzcture had tran-
sition temperatures_of 60 F or higher. No plate containing the
source of fracture absorbed more than 1l.L ft-1b at the failure
temperature, while most of the end plates contalning the end of
the fracture had higher notch toughness at the failure tempera-
ture.

Williams(go)

has made a very detailed analysis of the
reported conditions under which the ship fractures occurred.
It has been possible to subdivide the general source, through,
énd_end categories by taking account of specisl circumstances.

This refinement has indicated that a brittle crack can be

#3ee Exhibit III
#:8ee Exhibit II
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initiated only in plate of quilte low notch toughness. However,
if a crack inltiates iﬁ a flaw and runs for a very short distance,
it will then propagate through plates of greater notch toughness.
In ships brittle fractures were sbopped by plates of stlll greater
noteh tougﬁness, although many cracks stopped because of struc=-
tural factors or favorable stress conditions. These observations
are congistent with studies made by Pellinl and Puzak(g’lo).

For purposes of the present study, the subcategorilies used
by Williams have been recognized. IHowever, all the source
plates have been consldered iIn the statistical analyses, includ-
ing both the subcategory for fracture under normal conditlons
and the subcategory for fracture under severe conditions. Ships
may be operated under severe conditions. It is therefore not
realistic to be concerned only with what appears to be a "normal
circumstance,

The significance of notch toughness in relation to brittle
fracture is substantiated by an analysis of those ten cases in
which fracture source® and fracture endis plates were availlabls

from the same casualty(zo).

In all cases the source plate had the
higher transition temperature as shown in Fig. 3.

Basged on all of these observations, a statistically sig-
nificant correlation was established relating the notch tough-

ness of plates measured in the laboratory to their brittle be-

havior in service,

+Plate in which the fracture started.

#%Plate in which the fracture stopped.
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b. Estimate of the Effect on Ship Fracture of using Steel
of Iower Trangition Temperature,

Since brittle failures 1n ships have been shown to occur
only in plate that has low notch toughness at the operating
temperatures, 1t is reasonable to assume that use of steel with
sreater notch toughness would reduce fallure rates. Such steel
represents material of a lower transition temperature. The ex-
tent of reduction necessary to eliminate brittle fractures in
gservice can be estimated by certain rather straightforward
statlsticel analyses desceribed in Exhibit IV,

The reasoning behind this approach is illustrated in Fig.
i, which shows the distribution of transition temperature values
for World War II ship steel, for World War II source plates, snd
for AB3-B steei, a post-war ship steel of improved noteh tough-
ness,

The ratlo of the number of actual source plates to total
plates of a gilven transition temperature decreased from quite
& high value at 130 F to O at 59 F as can be seen in Figs. 2
and_u. A very small percentage of all of the ABS-B steel would
have been potential source plate material under World War IT
condltions, as showm by the small shaded overlap in Fig. L. All
of these potentlal source plates in the post-war steel popula-
tion are in the region of a low ratio of actual failures to

total number of plates.
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From these considerations, as shown in Exhibit IV, the
ABS-B steel would have had only about 5 per cent of the failure
rate of World War IT stesl. This procedure of analysis can
easlly be used to estimate the failure rate with steels of
Lother mean transition temperatures. While experience in World
War IT was largely with steels in the range of 1/2 to 1 in. in
thickness, 1t appears reasonable to extend this estimate up to
at least 1 1/2-in. plate. Pig. 5 shows that the failure rate
would fall to a negligible percentage of the World War IT rate
if steel of a sufficlently low transition temperature were used.
Some care must be taken In the application of this observation.
Puzak and Pel1lini®) nave demonstrated that the N.R.L. crack
starter test may reflect severe service more accurately than
the Charpy V-notch test. This test indicates that for vari-
ous classes of steel there is a different Charpy value that
corresponds to brittle behavior in service. However, within
the grades of semikilled steel of Interest in cargo ship con~
struction, it appears that a mean 15 ft-1b Charpy V-noteh tran-
sltion temperature of 10 F offers good assurance of freedom

from brittle behavior. On this basis, 1t appears that service

failures can Qé virtually eliminated by use of steel with a

mean Charpy V-notch 15 ft-1b transition temperaturse of 10 F or

lower. However, gglindicated previously, there is good reason

to continue efforts to reduce the number and severity of notches
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as well as to improve the notch toughness of the ship steel in

arriving at the desired goal of complete slimination of brittls

fractures of ships.

¥. IMPROVEMENT IN NOTCH TOUGHNESS OBTAINABLE BY
CHANGING GRAIN SIZE OR SHIP STEEL COMPOSITION

There have been many comprehensive studies of the relation-
ship of meballurgical variables and transition temperature of
steels sultable for ship plate that suggest ways of achieving
the desired level of transition temperature.

It 1s possible to reduce transition temperature of steel by
achleving a finer ferrite grain gize as shown in Table 3., Such
a reduction in grain size can be attained by subjecting the
plate to heat treatment after it 1s rolled. A simple treatment
which will effect such a change in grain size is called nor-
mallzing and Involves heatlng a plate to a sultable temperature

and air cooling it. However, the ferrite grain size of ship

steels as now produced is quite small, and the average improve-

ment by normalizing 1s limited ©

a transition temperature

reduction of 20 to 45 F.

Another means of reducing the grain size and perhaps ef-
feceting other useful changes in structure involves lowering the
temperature of final folling. This practice necessitates special
control over the temperature of the original billet and the rate
of rolling. Some foreign mills are being specially adapted for

this practice. In the United States, no mill is now in a position
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TABLE 3, RELATION BETWEEN COMPOSITION AND GRAIN
SIZE AND TRANSITION TEMPERATURE OF STEEL

Change in 15 ft-1b
Factor Charpy V-Notch Transition
Temperature Per Unlt Change in Factor

Carbon Content +300 F per increase of 1 per cent
Manganese Content -100 F per increase of 1 per cent
Phosphorus Content +1000 F per increase of 1 per cent
Silicon Content «300 Fs: per increase of 1 per cent

Grain Size -22 T per inerease of 1 ASTM graln
size number

#Up to about 0.2 per cent silicon. Above this level,
the effect may be reversed

#%Based on Charpy keyhole, mid-span transition temperature.

to control finishing temperature in order to reduce transition

temperature under conditionsg of high output as would be antleci-

pated during an emergency.

It has been found that within the ranges of composition ap-
plicable to ship steels the 15 ft-1b Charpy transitlon temperature
15 altered by composition changes as follows:

- (a) Raised by increasing carbon content
(b) Lowered by increasing manganese content
(¢) Lowered by increasing silicon content in the range of

interest in ship steels.
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(d) Raised by increasing phosphorus content
These effects are summarlzed in Table 3.4

There are practical limits on the extent of variation in
composition that can be introduced. Ship steel 1is required to
have tensile strength between 58,000 psi and 71,000 psi, If
the steel falls below this strength, plates may be subject to
bueklling failures in service; 1f it goes over, fabrication
problems msy be encountered. The specified range of strengths
can be achleved In ship steel by maintaining a balance between
carbon and manganese, since an increase in either will raise
strength. PFor greatest notch toughness the manganege is raised,
and the carbon is lowered. The upper limit of the manganese
content Imposed by welding considerations is about 1.35%. This
value is also about the upper limit that can be accepted in
semikilled steels with acceptable production yields. For sat-
isfactory production a corresponding manganese range should be
from about 1,00% to 1.35%,

The earbon content should not exceed about 0.20% for accept-
able notch toughness, and the range necessary for production con-
trol 1s provided by specifying an acceptable maximum value.

Two 25-ton heats of a semikilled grade in the range of 0.20%
max carbon and 1,00% to 1.35% manganese were made. The transi-

tion temperatures were at the values predicted as shown in

#3ee algo Exhibit V.
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Table lj, and other characteristics were satisfactory.(l)

The phosphorus content of ship steel is kept at low levels
and cannot be lowered significantly. Therefore, it is not a
useful element to conslder in adjusting transition temperatures.

In semikilled steels of maximum manganese content, the sili-
con content must be kept %0 & minimum and cannot be raised sig-
nificantly as a means of lowsring transitlion temperature. The
increased silicon content in killed stesls helps to contribute
to thelr lower transition temperature range.

Recently Williams(23) has confirmed the fact that addlitions.
of manganese lower transition temperature. However, he finds
‘that manganese has very little effect on the probabllity that a
plate will be a source of fracture in a ship. Williams concludes
that the effect of manganese on fractures in service is "much
smaller than its effect on the V-notech transition temperature",
He points to the findings of Pellini and Pellini and Puzak(g’lo)
for confirmation of these results. Thelr results suggest that
the Charpy V-noteh transition temperature may be lower than the
drop-weight transition temperature for platves of higher manganese
contents. As applled to probable service behavior, thelr results
could be interpreted to suggest that manganese has & smaller ef-
feet on service performance than on Charpy V-notch transition
temperature, Nevertheless, consideration must be given to the
valldity of arguments in thils report based on the relation be-

tween composition and service behavior. It appears that the
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observations need be tempered only slightly by Williams' find-
ings. There is complete agreement that the carbon content of
ship steel should be at the lowest practical level. At present
there is no serious move under way to alter the strengbth char-
acteristics of ship steel; consequently, the manganese must be
ralsed proportlonately as the carbon is lowered to maintain the
strength. The semikilled grade in the range of 0.20% max carbon
and 1.00% to 1.35% manganese not only has a low Charpy V-notch
tranglition temperature but also has drop~weight transitions in
the range of 0 to 10 F. According to the information reviewed
in Filgure IX-1 of Appendix IX, ship operations in this tempera-
ture range were quite Infrequent. In ships of good design and
made with good fabrication practices, it appears that the pro-
posed alternate semikilled steel has adequate fracture resist-
ance, even though the manganese effect on V-notch transition
temperature may not be fully realized in terms of service per-
formance.

Within a range of steels that have the same strength and

fabricating characteristics as World War II steel, it is pos-

sible bo make a maximum change of about 100 F in transition

temperatures by changing only carbon and mangsnese content,

Steel with a maximum of 0,20 per cent carbon, a range of 1.00

per cent to 1.35 per cent manganese, and & maximum of about 0.04

per cent silicon has a transition temperature of -15 F, well

below the level needed to eliminate failure.
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G. REVIEW OF ECONOMIC AND TECHNOLOGICAL ASPECTS OF
PRODUCING SHIP STEEL DURING A POSSIBLE FUTURE EMERGENCY

1., Steel-making practice.®* It is convenient to describe

three classes of steel as currently made. One of these is called
rimmed steels, another semikilled steel$, and a third killed
steel$¢ with a modification of the latter designated as made to
fine-grained practiceg. These three categorlies of steel refer
to the practice followed in deoxidizing the steel. As the amount
of oxygen dissolved in the steel is decreased to & minimum through
the addition of such agents as silicon and aluminum, the shrink-

! age of the steel during solidificatlon Increases and leaves a

large vold or pipe toward the top of the ingot.

| In order to minimize the extent of the pipe, killed steel

ls generally made in big-end-up ingots with hot tops. The

#See Exhibit VI.

rAn Incompletely deoxldized steel normally containing less
than 0.25 per cent carbon and having 2 rim somewha®t purer than
the average composition, a core containing scattered blowholes,
and & minimum amount of pips. Rimmed steel 1s not used for
ship plate over 1/2 in. under current specifications,

$3teel incompletely deoxidized to permit evolution of suf-
ficlent carbon monoxide to offset solidification shrinkage.

$$3teel deoxldized with a strong deoxidizing agent such as
silicon or aluminum in order to reduce the oxygen content to &
minimum so that no reaction occurs between carbon and oxygen
during solidification.

gKilled steel to which aluminum is sdded is designated
as made to fine-grained practice.
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special handling necessary for the hot tops and the big-endeup
mold not only lncreases the cost qf makling the steel but also
introduces a requirement for special facllities., At present,

the capacity of the industry for maklng steel is over 100,000,000
tons per year, but only about 15,000,000 tons per year of hot=-
topped steel can be made because of the limited availability

of these special facilities, Furthermore, ship plates are

rolled from slab ingots, not ingots that are of other configura-
tions. The facilities for making hot-topped slab ingots represent
only a fraction of all hot-topping facilities.*

Killed steel generally contains more silicon than semikille@
steel and has a lower transition temperature for the same carbon
and mangasnese contents‘and'the same ferrite graln size. Killed
steel is now specified and used for ship plate over 1 in. in
thickness.

Killed steel is commonly used for products of the highest
quality. During World War II, about 15 million tons per year
were produced for alrcraft, ordnanée, ship armor, and other
critical uses. Because the large increase in steel-making capac-
ity in the United States since 1945 has not been accompanied by
a corresponding increase in facilities for making killed steel,

a future emergency would find killed sbteel in great demand.

Every effort should be made to find ways of using semikilled

#See Exhibit VII.
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steel in place of killed steel in shlps because of the llkell-
hood that killed steel capacity in a future emergency will be
diverted from ship plate.

At least one mill that produces ship plate in the United
States is equipped to roll directly from ingots. Semikilled
practlce requires additional equipment for slabbing and con-
ditioning practices. Under this circumstance, mills that roll
directly from the ingot can produce ship plate only of killed
or rimmed steel. This factor must be recognized in any over-
81l review of faecilitles for making ship plate.

2. Normalizlng Practice. Plate normalizing capacity in

the United States is even more limited than killed steel capae-
lty. Every effort should be directed toward the development of
ship steels that have adequate properties without requiring a
normallizing treatment. In an emergency it i1s likely that the
normalizing capaclty will be completely absorbed by ordnance
and other applications.s#

S+ GControl of finishlng tempersture. The lowering of

finishing temperature in order to lower transition temperature
would seriously interfere with rolling schedules. Only & few
mills with speclal practices such as continuous rolling from
Ingot to plate could achieve the desired degres of control.
This practice does not appear to be an immediately promising
method of reducing transition temperature except in a few

special cases.¥#

#%3ee Exhibit VIT
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lte Summary of Economic and Technological Aspects of

Ship Steel Production. Considering the economic and technical

aspects of ship steel produetion during a future emergency, it

appears that the only feaslble solution to the problem of making

enough ship steel of adequate notch toughness 1s through the

adoption for all thicknesses of semlkilled grades of the proper

carbon and manganese levels that are neither normalized nor pro-

duced with a speclally designated finlishing temperature.

H. DISCUSSION OF PRESENT SHIP STEEL AND ALTERNATES
FOR USE DURING A POSSIBLE FUTURE EMERGENCY

In 1947 the American Bureau of Shipping introduced a new
speeification® for ship steels with three grades of steel as
follows:

ABS=-A for plates up to and inecluding 1/2 in.

ABS-B for plates over 1/2 in., up to and including 1 in.

AB3~C for plates over 1 in.

The transition temperatures for World War I, ABS-B and
ABS~C steel are shown in Fig. 6.

Plates up to and including 1/2 in. in thickness, with one
exception, were not represented in the material taken from failed
World War II ships and examined at the National Bureau of 3tand-
ards. However, failures of these thinner plates have been re-
ported. A lower transition temperature in these thin plates is

attributed both to metallurgical factors relating to the degres of

#8ee Bxhibit IV



SNOILVIIdIJ3dS 0-S8V GNY 8-S8V H3ANN OGNV TI ¥YM aQT8OM NI 33N00Yd
1331S dIHS 40 JUNLIVY3dW3L NOILISNVHL OL 31V1d 40 SS3INMIIHL JO NOILYI3AY °*9 Funtrd

sayaul ‘ssauyoiyt a9Did

12 6] | <l €l Il 60 10 S0
r 0S-
f _ 3
o
_ S
_ S
— g2- 2
aioid dnys 0-s8Y| _—— _ <
\ — o
o — o W
sylw) D23 “ T -
) | ! Tl &
| \ &2 W
= a
31o01d diys g-sgvi / 3
! bywii™oz 3 os &
- £
BRI
I ] oy
_ - g
“\ — Sl T
o
- [}
aI0jd diys TT oM PLOM—=~T | siwi| mm 5
|~ ! d
\\ | LP n

00l



~36-

hot working of the plates and to factors involving the mechanics
of fracture(19), In the new specification it was not thought
necessary to improve the notch toughness of plates in thils range
of thickness in part since structural design requirements rule
out thelr use in the main ship structure. Plates up to and in-
cluding 1/2 in. in thickness may have the same composition as
World War II steel. It is possible that, under severe condl-
tions and exceptionally low temperatures, some brittle fractures
may be found in plates made to ABS-A.

Plates over 1/2 in. up to and including 1 in. in thickness,

did ecrack extensively during World War II, Therefore, the new

'épecification governing this range, ABS-B, provides for a lower

carbon content and a higher manganese content that World War IT
ship steel. The 0.23 per cent maximum carbon content and the
O.éO to 0.90 percent manganese content have lowered the transi-
tion temperatures to about 30 F. Although this is not sufficient
to eliminate the possibility of failure, there have been no
failures to date in ships that incorporate ABS-B steel. Pre-
sumably the post-war ships represent a combination of good de=-
sign, good fabrication practices, and reasonably tough steel

that has had the effect of eliminating failures. Nevertheless,
two failures of foreign ships during recent years in steels fall-
ing only slightly outside the ABS-B specification ranges suggest
that steel under ABS~-B made before 1/31/56 may be subject to
brittle fractures in service, particularly under severe operating

conditions if notches or cracks are present.
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Under the ABS-B specification applicable after 1/31/56 the
steel in the 1/2 to 1 in. thickness range should have a transi-
tion temperature of about 5 F, éufficiently low for virtual
elimination of failures due to brittle behavior.

Plates over 1 Iin. in thickness are made to comply with
ABS-C. This specification provides for a maximum carbon con-
tent of 0.25 per cent# and a manganese content of from 0.60% to
to 0090% and specifies that the steel shall be made to fine=
grained practice. The result of these changes is to lower the
15 ft-1b Charpy V-notch transition temperature to about -20F,
well below the 10 F required for virtual elimination of fallure
due to brittle behavior, even when the observations of Pellini
and Puzak(grlo) are taken into account.

Plates 1 3/8 in. in thiclmess and over may be required
under AB3~C to be given additional treatment. Such treatment
may be normalizing which further reduces transition temperature.

While killed steel made to fine-grained practice under
ABS~C has a satisfactory transition temperature, it probably
would not be available for use during an emergency for the
reagons stated above. A semikilled gradse with about the same
transition temperature has been made on a 25-ton bhasis as
described previously and should be a fully satisfactory alterna-

tive material.

#A revised ABS-C speciflcation that will apply after
1/31/56 1imits the carbon content to a maximum of O.EA%.
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The transition tempsrabures of the World War II ship steel,
ABS=A, =B, and = steels, and the alternative grade are given in
Table lt. Good agreesment exists between the measured valuss and
the values calculated from the Tactors of Table 3 and the com-
position differences, This agresment could be altered inad-
vertently at some future time by a change in sbesl mill practice,
Until the relation betwsen mill practice and noteh toughness 1g
established, a continuous check cn the transitiom temperature
of production heats of ship plate will be necessary to demcnstrate
that the expected level of notsh toughness is acbually being obtained.

The use of the semilkilled grade has the effect of increasing
manganege usage.® During World War II thers was s shortage of
all alloying elements used in steel, including manganese., How-
ever, with a level of ship plate producticn comparable to that
of World War II, the manganese required for ABS-B steel and an
improved semikilled grade would be less than T psr cent of the
current annual consumption. It would appear that such a require-
ment could be satisfied by special mesasures including stockpiling
to ensure an adequate supply of manganese for ship plate of
this type.

While this grade is similar to other steels new in preduction,
early action should be taken to gain manufacturing experisnce and

to establish production yields in preparation fer its possible use.

#8ee Hxhlbit VII
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A semikilled grade of ship steel now under development appears

to be an acceptable alternative material for ABS-C steel, partic-

ularly for use in an emergency when the facilities for making

killed steel would be too limited to meet shipbuilding require-

ments for plats.

TABLE lj. COMPOSITION AND TRANSITION TEMPERATURE OF VARIOUS GRADES
OF SHIP STEEL WITH YIELD STRENGTH OF ABOUT 35,000 PSI

- ——— — e T ——
e —r — — — —

15 ft-1b*
Average Charpy V-Notch
Steel Composltion Transition
Designation Temperature
C Mn Si of l-inch Plate

Calculated Measured

1, World War II 0.24 0.43 0.0L - 78
Ship Steel
(semikilled)

2. ABS-B 0.19 0.71 0.0L 35 33
(semikilled)

3, ABS-B 0.17 0495 0.0 g -
(after 1/31/56) v '

li. ABS-C {made to 0,19 0.73 0.21 -183 -235%%
fine=grained .
practice)

5. Alternate for:s
ABS"'C Oel? 1.15 O'O)‘l" _15 -10
(semikilled)

#As discussed in the appendices, the correlation betwesen the
temperature of possible service fallure and the transition temper-
ature is not the same for all classes of steels.

#%Extrapolated from measured values at geveral thickness levels.

+No measurements yet avallable.
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I. ESTIMATED RATES OF SERVICE FAILURE DUE TO BRITTLE
BEHAVIOR DURING A POSSIBLE FUTURE EMERGENCY

During & future emergency it i1s possible that heavy deck
loadings and inadequate ballasting practice will be necessary
as during World War II and probable that operating temperatures
will be lower. Thersfore, this dlscussion of service failures
during a possible future emergency is based on an estimate that
the average operating temperature will be about 10 F below the
average of 65 F experienced during World War II and the dls-
tribution of values the same.®* As calculated in Exhibit I1X,
such a reduction in temperature would about double the rate
of failure,

The fallure rate due to brittle behavior in ships has been
estimated according to differences in thelr design, the fabrica-
tion practices, and the level of notch toughness of the steel
and is given Table 5. In view of the near impossibility of
building and maintaining ships without flaws, 1t appears that
ships built of World War ITI steel will incur a substantial num-
ber of Group I and II failures if operated during a fubture

emergency. Utilizabion of improved plate In critical locatlons

or limitation of their service to tropical waters would be re-

quired in order to reduce or eliminate failures in ships built

of plates of the noteh toughness of World War I1 ship steel.

Under the conditions that are anticipated in a future

emergency, & small number of failures may be observed in ships

#See Exhiblt IX
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Table 5. ESTIMATED GROUP I AND II SHIP FAILURE RATES DURING
A FUTURE EMERGENCY# FOR VARIOUS TYPES OF STEEL--
NUMBER OF CASUALTIES PER THOUSAND SHIP YEARS

ITYPE OF STEETL

World  ABS-A,B,Cix ABS-A,B,Cis AB3-A,B and
Class of Ship War IT used until used after proposedf
1/31/56 1/31/56 semikilled
class
Victory Ship 14 - -- -
Ships Bullt from - 0.3 or less - -
194.7--1956
Ships Buillt 1956 - - less than 0.1 -
and after
Ships Built 28 - less than 0.1 less than
earlyttd in a 0.1
future . emergency
Ships Built i - " less than 0.1 less than
latefd in a 0.1

future emergency

s#Mean operating temperature assumed to be 10 F below that of
operations during World War II.

##%ABS-B chemlcal composition requirements changed after 1/31/56
from 0.23% max C and 0,60--0.90% Mn to 0.21% max C and 0.80-~1.10%
Mn and ABS-C from 0.25% max C to 0.24% max C.

- _#proposed semikilled grade containing 0.20% max C and 1,00=-
1.35%:¥Mn suggested as replacement for killed ABS-C grade.

$Higher than World War II rate because of assumed lower mean
operating temperature.

ttAssuming fair fabrication practices and good design in early
stage.and good fabrlcation and good design in late stage of a future
eMergency.
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bullt from 1947 to 1956 in the sections incorporating ABS-B

steel. There should be no brittle fractures of sghips buillt

after 1956 incorporating ABS-A, B and C steels except under

conditions where fracture is forced as might occur during col-

lisions, explosions, or similar unusual clircumstances beyond

the control of the designer and ship builder. Ships built

during a fubure emergency will probably be as free from trouble-

some design detalls as Victory ships. t ig likely, however,

that there will be an Initial period of construction during

which the gquality of welding willl be low. Shipsg bullt during

this period will have a tendency to fall unless they incor-

porate steel with adequate notch toughnesgs that could be produced

during the emergency. ABS~A and B¥ steels will be satisfactory

for plates up to 1/2 in. and up to 1 in. in thickness, respec-

— bt

tively. Plates over l-in., at least up to 1 1/2-in. in thickness

should be satisfactory if made of a semikilled grade containing

a maximum of 0.20% carbon and from 1.00% to 1.35% manganese.

Glven a8 satisfactory manganese supply, it appears that this semi=-

killed steel could be produced during the emergency.

#As made to specifications applicable after 1/31/56,
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BXHIBIT I

INFLUENCE OF STRESS ON FRACTURING

One of the three conditions required for brittle fractur-
ing is an applied stress. Recently Robertson(3) determined
that brittle cracks can propagate in plate at stresses of a
fraction of the yield strengthox In tests conducted by Feely
et alo(u) a critical temperature was established below which
brittle cracks run at one-third or less of the yield stress
and above which they run at levels approaching the yield stress,

In a ship the design reflects the stresses introduced by
loading and by the movement of the ship at sea. 1In addition,
these stressed members of the ship are also subjected to re-
sidual stress. These are introduced by welding or by joining
members that are brought together by force. Residual stresses
are quite variable and difficult to measure with precision.
Their role in fractures has been conbtroversial. There is no
doubt but that they must be taken into account in any study
involving the precise stress level required for fracturing.
For purposes of this study, 1t suffices to indicate that re-
sidual stresses do exist and that "in general, residual
stresses of the same sign as those arising from the applied
load are to be avoided, particularly at points of stress con-

centration,"(lé)
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Another category of stresses includes those introduced by
thermal gradients. These arise from the differentlial heating
by solar radiation, by the heating or cooling of certain cargo
spaces of the ship, or by the differential between water and
alr temperatures,

Stresses applied in service act in conjunction with re-
sidual stresses and thermal stresses. The stress system and
the magnitude of the stresses exlsting at the time of any
particular fracture are very diffiicult to establish, but they
may often be well above the level required for brittle crack

probagation.
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EXHIBIT II

TENSILE AND IMPACT PROPERTIES OF WORLD WAR IYI SHIP 3STEELS

The general properties of World War II ship plate were estab-
lished In studles at the Natiomal Bureau of Standards of samples
of plate which cracked in service(7’8)u The composition of World
War II ship plate estimated from these samples is shown in Table IT.
L. Tensile tests were alsc conducted on these plates, and the
avallable velues are shewn in Table 1. It should be noted that
the plates were acceptable under the specifications then in
force,

Charpy V-notch tests were conducted over a range of tem-
peratures as shown in Fig., 1 on samples taken from locations as
cloge to the path of fracture as was feasible. Care was taken
net to test plates which might have been damaged by welding or
deformation. The results of typilcal Charpy V-notch tests on
plate from fractured ships are shown In Fig. 1. A horizontal
line at a level of 15 ft-1b ig drawn through the curves relat=-
ing the energy absorbed in the test and the test temperature,
and the intersection of the line and the curve 1ls called the
15 ft-1b transition temperature. The temperature at which
the ship failed 1s also indicated where known in order to es-
tablish the Charpy V-notch energy et failure btemperature., As
shown in Table II1.2, a sample of failed plateg of all ship

types has been tested at The Fatlonal Bureau of Standards. The
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transition temperature varied from plate to plate in a behavior
typical of measurements made on a large number of samples of
any kind., A statlistical treatmeht was helpful in analyzing the
data. From test results(7) on samples of plates tested at the
National Bureau of Standards, estimates from two different ap-
proaches were made of the noteh toughness of ship steel made

during World War II,

TABLE II.1. AVERAGE PROPERTIES OF WORLD WAR II SHIP PLATE

W ]
Yield Tensile Reduction
Polnt, Strength, Elongation, of Ares,
psi psi per cent per cent
Tengile
Properties 35,000 62,000 35 58

AVERAGE COMPOSITION OF WORLD WAR ITI SHIP PLATE

I

G Mn si P S
% % % % %

Composition 0.24 0.43 0.04 0.010 0,030

|

_____________________.——_.——————-—n—-—-—-——"_-':'-—-a—__'-—-



Table IT ol o Sumary of Casualties Reported, ‘Tests Completed to December 31, 195h, Percent of
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Casualties Tested, and Samples not Tested, for Various Vessel Types

Vessel Type EC2 T2 vel | o1 c2 c3 Ch Thr ®BI1 | Riv  Other Total
Casualties Reported to March 31, 1953 (8)

Group 1 s 53 b | 10 13(8) ¢ ) 1 g 1 gle) 260
Oroups 1 & 2 839 216 20 g6 19(0) 47 13 - - - - 1290
Testa Completed at NBS te Decewber 31, 195h

aroup 1 12 17 2 o s5® 3 1 5 3 1 2(¢) 51
Group 2 5 5 1 0 0 1 0 0 2 1 1 16
Subtotal 17 22 3 0 5 b 1 5 S 2 3 67
Group 3 3 1 0 0 0 0 0 0 0 b 1 6
Other 2 0 2 o] o} 0 o o 0 0 0 i
Total 22 23 5 0 S L 1 5 5 3 L 7
Percent of Casualties Reported on which Tests are Completed (Sample ratio)

Group 1 8 32 50 0o 38 L3 50 Ly 60 100 22 20
Group 1 & 2 2 10 15 0 6 (] 8 - - - - -
Samplea Not Suitable for Testa of Plate Material

Group 1 1 - - - - - - - - - - 1
Group 2 2 - - - ule) - - - - - - 6
Group 3 b - - - - - - - - 1 1 6
Total 7 - - - L - - - - 1 1 13
Samples Not Tested to Date (c)

Group 1 2 5 - - 3 - 1 1 - 3 18
Group 2 - - 1 1 [ 1l - - - - - 8
Total 2 5 1 1 8 b - 1 1 - 3 26
Total Samples Recelved

A1l Groups 31 28 6 1 17 8 1 6 6 3 7 1s6

(a) Adapted from Board Report and SSC Technical Pragress Reports 1, 2, and 3.

(b) Includes Navy operated (2 not listed in References (a)

{c) Includes casualtles since date of Third Technical Progress Report.
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One approach was developed by Dr. W. J. Youden of the
National Bureau of Standards as follows: about 100 plates
of World War II steel taken from failed ships have been
tested at the National Bureau of Standards. The 15 ft-1b
Charpy V-notch transition temperature of these plates varied
from 2 F to 151 ¥, From a random sample of this size, 1t is
possible to make an estimate of the notch toughness of all
ghip plate produced during World War II. Such an estimate can
be made by assuming the shape of the frequency curve of these
values. It has been assumed that these data would follow a
normal distribution curve. Under this circumstance, two
values establish the curve representing population. The
first is the center of the populatlion or the average transition
temperature o6f all plates. The second is the standard deviation
which indicates the width of the distribution curve.

In estimating the position of the center of the dlstrlibution
or the average transition temperature, the following data from

the National Bureau of Standards may be considered:

Average
Plates Transitlon Temperature
F
28 source plates 96,1
L5 through plates 66.1

32 end plates 51.5
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The average for the combined start and end plates 1s about
7h P, It may be argued that this average is somewhat above the
population average because a source plate is always a plate of
high transition temperature; but an end plate may have an espe~-
clally low transition temperatbure, depending on whether the
crack stopped because the plate was tough or because a drop
in stress or a structural discontinulity was operative.

The thru plates, with an average transition temperature
of_about 66 F, probably have & lower transition temperature
than that of the population because they specifically exclude
source plates and end plates. As mentioned earlier, the source
plates necessarily have a higher transition temperature average
than .the other plates. End plates, on the other hand, should
not deviate from the average to the same extent as gource plates
because, while some end plates have particularly low transition
temperatures, others may be onlj of average quality, with the
crack stopplng for reasons other than good toughness of the
plates.

A reasonable compromise might be made by averaging the
values of the mean thru-plate transition temperature, 66 F,
and the mean of the source- and end-plate transition temperatures,
7h F. Thus, the average transition temperature of the population
would be about 70 F.

Some data on World War II plates taken at random from ship-

vards are avallable from the Naval Research Laboratory. The
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average 15 ft-1b Charpy V-notch transition temperatures of
these plates ls about 69 F. The 70 F value for plates from
failed ships and the 69 F for unfailed plates are in quite -
good agreement.

Another approach in estimating the transition temperature
of World War II ship steel by Messrs. Hulbert and Chase of
Battelle Memorial Institute is as follows: In estimating the
standard deviation of the transition temperature .of World War
II ship steels, a more formal method of analysis may be intro-
duced. The sample of World War II ship plate’obtained from
failed ships had a wide variation in thickness. If plate
thickness were to have any éffect on transition temperature,
this effect should be removed in computing the standard de?
viation of the shlp steels.

Therefore, as a first step, the regression of transition
temperature on thickness of plate was computed. This operation
essentially consists of plottlng the transition temperature
values against the thickness of the plate, drawing the best
straight line through the data, and determining the equation
representing the line. This gave the regression equation:

T,T = }2.95 W + 36.99
where W is the thickness in inches.
The values of transition btemperatures are scattered around this

1ine. From the distance of the individual points from the line,
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the standard error of estimate was calculated to be 26.4. This
can be thought of as an upper limit for the standard deviation
of the World War II hull steels.

The sample of World War II plates was not chosen at random
because source plates and end plates were selected more fre-
quently than through plates. The consequences of the selection
were that particularly bad and particularly good plates were
represented in high proportion through the emphasis on tests of
source and end plates. In other words, the 100 plates tested
showed a greater amount of scatber than would have been expected
in a random sample of 100 plates.

Since the sample was lknown %o be weighted to give a standard
deviation higher than that of the population, the five extreme
points with deviations from the regression line of more than
twlce the standard error were arbitrarily discarded.

A new regression line was calculated, based on the remain-
ing points, giving the equation:

TT = 54.80 W + 25,75

The standard error of estimate for this line is 21.9 and
this value was taken to be a more representative estimate of
the standerd deviation of the population.

Similar analyses were made on the values of transition
temperature versus thickness for post-war steels. Regression

lines of transition temperature on plate thickness were fitted
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to samples of steel manufactured under ABS-B and ABS~C speclifica-
tions and selected for test at raﬁdum; -The equaticns represent-
ing these lines were:

(a) for ABS-B

T = 31.6lL W + 3.60
(Standard error = 13.8)

(b) for ARS-C

TT = 17.45 W ~ 40.91
(Standard error = 16.1)

On this basis, the standard deviation of ship steel made under
ARS-B was taken to be 1l F, and under ABS-C, about 16 F.

The standerd deviatlon of the 15 ft-1b Charpy V-notch
transition temperature of 15 heats of carefully made laboratory
steels was 8.5 Fo. It is not surprising to find a larger amount
of scatter in production heats, particularly in view of varia-
tions of composition from heat to heat and processing variables

from mill to mill that may be expescted.
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EXHIBIT ITI

ANALYSIS OF BEHAVICR OF PLATES FROM FAILED SHIPS
In order to facllitate analysis, plates from failed ships
were classified in three categories:(7)

"{1) Source plates: Plates which contained the starting
point of a fracture which occurred in service., This
category includes some plates which contained both
the sbtarting point and the end or ends of a short
frecture, and a few plates in which secondary frac=-
tures originated and propagated to mest the main
fracture. A number of the fractures originated near
welds, which nsually involved both a structural or
geometrical notch and the metallurgical effect on
the plate metal resulting from the welding opera-
tion. However, if the fracture originated in a weld
due to insufficient weld metal, poor fusion, or slag
inclusions, the adjoining plates were not inecluded
in this category.

"(2) Thru plates: Plates whiech were Ffractured in the
i ship failures, but which contained neither a fracturse
source nor a fracture end.

"(3) End plates: Plates in which the ship fractures endsd

. and which did not contain a fracture source. This
category includes three plates which showed definite
evidence that the fracture had stopped in the plate,
but which were broken completely by a secondary frac-
ture which propagated from another plate, or by in-
creased stresses resulting from failures of other
plates as the vessel broke in two. Plates in which
the fractures ended by ruunning out at an edge of the
plate {as at a crack arrestor slot) are not included
in thils category, but are considered as !'fracture
thru! plates,”

A detalled analysis of these three categories of plates
has been campleted(go). The source, thru and end plates have

bheen subdlvided as follows:
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"31. Plates containing the source of & primary or
independent fracture which occurred under
normal operating conditions.

"o, Plates in which secondary fracture started
shead of the main fracture or plates in which
fractures started under unusually severe con-
ditions.

"pl . Primary thru plates that were the first to
propagate a fracture; that is, where the fracture
originated in an adjoining weld and turned or ran
directly into the plate.

"pp, Secondary thru plates that fracture after the crack
} had propagated a foot or more in another plate.

"5y, Plates in which fractures ended, but where there
appeared to be structural failure or stress con-
ditions that may have influenced the ending of the
fracture.

tpo.  Practure end plates where there was no apparent

N structural factor or stress condition involved
in the stopping of the fracture.

"WF., (No fracture) Plates that did not contain a

. fracture, but were adjacent to a fractured
plate.”

The 10, 15, and 25 £t-1b Charpy V-notech transition
temperatures have been glven by Willi&ms(ao) for source
plates, thru plates, and end plates. An analysils of the data
is indicated in Fig. III.l. The source plates definitely have
higher transition temperatures than the plates in the other
two categories. Fig. III.2 shows the energy absorbed by other
specimens tested at the failure temperatures and indicates that

only three of the source plates have an energy at fallure tem-

perature above 10 ft-1b, with no values above 1l.L ft-1b. Plates
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fracturing through may have energles at failure temperature up
to 19 ft-1b while plates conbtaining the end of fracture may have
higher energles at failure bemperature.

There i1s one exception to this conclusion which may be
mentioned, A few examples of a speclal situation require some
consideration. The source plate category represents plates cone-
talning the startiﬁg noint of the fracture. In most cases thru
plates received a fracture from an adjacent plate. However,
in a very few casgses the thru plates received a fracture which
had run for a short distance in the weld, and then entered the
plate. TUnder these circumstances, the thru plate was the first
to fracture. This means that if a crack can get up to speed in
2 bad weld defect, it will propagate into plates which absorb
as much as 19 ft-1b on the Charpy V-notch impact test at the
failure temperature. To keep from having brittle failures in
ships with long =nd serious weld flaws, 1t would have been
necessary to have plates of World War II steel with a minimum
Charpy V-notch impact energy of 19 ft-1lb or more at the operating
temperature,‘which is higher than the 11.4 ft-1b for the source
plates. Therefore, in order to reduce the rate of brittle frac-
turing to a negligible level, 1t is necegsary not only to elimi-
nate all source plates but also to eliminate long flaws In which
a crack can begin and run for several inches.

It is evident that a correlation exists between certain



=67

criteria of the notech toughness of steel and its propensity to
crack In service. In view of the number of conditions which
must be satisfied for brittle cracking, it is not surprising
that the-impact properties of plates containing the source of
fracture overlap the propertles of plates cracking through.
However, Fig., IIl.3 shows that in those ships from which
samples of both the source and end plates are availlable for
the same fracture, the fracture source plate, without ex-
ception, has significantly lesgs notch toughness than the
plate conbtaining the end of fracture. Over a range of sever-
ity of conditions, a crack may start in plates which absorb
from 3 to 11 ft-1lb at fallure temperature. However, where
the crack is stopped, this cecurs in a plate that is always
relatively tougher than the source plate.

A number of laboratory tests can be correlated with the
observation that no fracture source plate taken from World War
IT ships absorbed more than 11.). ft-1b in the Charpy V-noteh
impact test conducted at failure temperature. At this energy
level a specimen and presumably a plate of semikilled steel
cannot deform even slightly to adjust to the loads at notches
which are regions of atress concentpation(g). The material

eracks in a brittle fashion instead.
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Fige TXIe3s Notch sensitivity of source and end plates from same ship, compared to ranges and
average values for the different fracture categories. The fracture categories are spaced
vertically so thot the averoge values (large circles) fall on the heavy line. Other diogonal lines indicate
relative values for pairs of source (Slor S2) and end (Elor E2) plates from the same ship. Horizonlipl
arrows show the range of values for oll plates in each category.
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EXHIBIT IV

CALCULATION OF THE PERCENTAGE OF FAILURE OF SHIPS OF STEEL OF
LOWER TRANSITION TEMPERATURE

Hulbert, Chase, and Bell--Battelle Memorial Institute

Derivation of Results. In reviewing the effect of notch

toughness of plates on service failures due to brittle behavior,
it is evident that source plates have less notch toughness on
the average than the remainder of the plates in the World War
II ship steel population. It is well known that increasing
noteh toughness (lowering transition temperature) of a plate
lowers the probability that 1t will fail under a given stréss
at a given temperature and in the presence of a noteh. In
order to determine the probability of fracture of a glven ship
plate at a given time, it would be necessary to lmow the
stresses and operating temperatures encountered by the plate
as well as its transition temperature and its proximity to a
sharp crack or structural discontinuity. However, of these
factors, only the general range of qperating temperatures and
transition temperatures are known for the period of Worid War‘IIo

Therefore, the problem of estimating the effect of lower
transition temperature of the ship plate on the probabillty of
failures can only be treated statistically in the aggregate by
making some reasonable assumptions in regard to the distribution
of all of the variables affecting fracture rate.

The distribution of transition temperatures for World War
IT shlp plate here is assumed to be normal, In Exhibit IT an
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attempt was made to determine 1ts mean and standard deviation,

The mean was estimated to be about 70 F, but the standard devi-
ation varied according to the method chosen for analysis. Be-

cause of this, three standard deviations (14 F, 18 F, 22 F) are
used here in the calculations.

A number of source plates from falled World War II ships
were tested for transition temperature at the National Bureau
of Standards, and data from these were availlable in May, 1955,
when these calculations were made. From the results of the
tests, a distribution of transition temperature for source plates
was obtained that was assumed to apply to all source platese.

The distribution of the btransition temperatures of all
World War II ship plates, that of the source plates, and the
distribution of transition temperatures for any new steel are
sufficient to estimate the reduction in fracture rate that is
obtained by using this new steel., However, in deriving the ex-
pression for this reduction, several other quantlties are needed
that require definition., The following is a list of definitions
Tor all quantities used in the derivation.
py = the probability that a steel plate with a transition

temperature In the i~th interval will fracture 1f it

is included in a test exactly like that given World

War 1I ship plates.

Us = numbér of World War II steel plates used in this test
that had transition temperatures in the i-th interval,

=
> I
< U‘;]_ U
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&y = expected number of fallures among plates with transi-

tion temperatures in the i-th interval during a test
exactly like that given the World War II ship plate.

. =
4_‘.i‘ei B

5ﬁi= observed number of féilures among plates with trangi-
tion temperatures in the i-th interval during the test
given the World War II ship plate.
Ze1 =l
uif = number of plates with transition temperatures in the
- i-th interval for plates made from some new steel,
j{pi' =7
e4!' = expected number of faiiures among plates of this new
‘ steel 1f they were given the same test as was glven
the World War II ship plate.
.231' = g'
We have first that: " |
€3 = Py uj.

We assume

J2
0.
i

=
b -
[

and that

E = btotal of all failures in the test of World War II
plate. Then

e i
b, = ol WLE
i ui ui..‘“x_

ship
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Assume that Dy would be the same if another test were nerformed
exactly like that in World War II, excent that a new steel 1is

used with a new set of u,, namely, uik Then

1 =
€1 T Py Wy
and \
u
Ve ty, = B
ey =y a, °
Thus
!
B L Y
E hael T .
Since the two tests were identical, we have that‘é{ui'= U=Lu
whence |

1
:észi 4 /0
. 1
B'_ Uiy E“Hﬂlui
R PR Gy U
The fraction B /B is the relative rate of ship failures which is
obtained when a new steel is used for ship plate.
9] u
The fraction fi m_f%//,T% is a measure of the relative frac-
turability of a steel plate with transition temperature in the
u,'
i~-th interval. From the above it follows that ¥ /E = éf}i T%'
Thus the relative fracture rate, using a new steel, is simply
the sum over all temnerature Intervals of the product of the

relative fracturabhility of a plate in the i-th interval and the

nrobahility that the transition temperature of a plate of the
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new steel 1s in the i-th interval.

Tables IV.1, IV.2, and IV.3 give values ofcd,lii, 2}, and
fi for the three standard deviations mentioned above. The values
fi*, given in the last column of each of these tables, are ob-
tained by drawing a smooth curve through a plot of fi against
transition temperature and adjusting the smoothed values by
requiring ;Efi*jg 1. Then the relation fracture rate F wvhich

is finally obtained is given by F = :E:fi * The values

ui 7/U were not tabulated but were obtained from a normal dis-
tribution with mean m and standard deviation of 14 F.
Discussion of the Results. It is to be noted here that
the results given in Table IV.4 apply only to the relative
fracture rates to be expected if a ﬁew-steel were to be put to
the same test as the Yorld War II steels. In applying these
results to a test that differs markedly from the World War IT
situation, all that can be sald is that steels with a lower
transition temperature would probably reduce the over-all
fracture rate. Quantitative statements made concerning the
amount of reduction to be expected under this very different

situation would have a lowv degree of precision.
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TABLE IV.1l. COMPUTATION OF RELATIVE FRACTURABILITY, f;, OF
SHIP PLATE ASSUMING o= = 1 F FOR WORLD WAR II STEEL
T 2 3 £ £
Interval i 1/ Ui /U i i3
1 ¢5==~ 51l.5 0 0 0.07229 0 0
51l.5-= 61,5 0 0 0.17870 0 0.098
61.5=- T71l.5 30,1111 0.27078 0.1410 0.293
71.5-~ 81,5 5  0,1852 0.25164 0,736 0.687
81l.5=- 91.5 6  0.2222  0,14340 1 550 1.449
91 eE""lOl L] 5 3 O .1111 O L 3 05008 2 .219 3 053}4-
101.5~-111.5 3  0.1111 0.01071 10.373 9,57
111,5-~121.5 2 0.0741 0.00140 52.929 L9..79
121 5==131.5 2 0.0741 0,00011 673.6 632.5
131.5--141.5 1 0.0370 5 x 106 _ 7. x 103  7273. 6
1[1.5==151.5 1 0.0370 1.6 x 10=7 2.3 x 102 2,066 x 105
151 .5==161.5 1 0.0370 3 x 109 1.2 x 107 1.2 x 107
TABLE IV.2. COMPUTATION OF RELATIVE PFRACTURABILITY, f;, OF SHIP
PLATE ASSUMING o~ = 18 P FOR WORLD WAR II STEEL
.- TT , ,

Interval i "1/ Ui /u £y Tix
J.l_la;““’“ r?lls.s O O 000935 O O
5135“"“’ 61&5 O O 0016636 O Oal}_‘_l
61:E== 71.5 3 0.1111 0.21482 0.517 0.4.70
71.5--81.5 5 0.1852  0.2053%5 0.902 0.823
81.5~= 91.5 6  0.2222 0.14528 1.530 1.363
91 .5==101.5 3 0.1111 0,08L38 1,317 2.093

101.5==~111.5 30,1111  0.02949 3+768 3.386
111.5=~121.5 2 0.0741 0.0084L9 8.725 7.806
121 ,5==131.5 2  0.0741  0.00177 11.850 37.382
131.5==141.5 1 0.0370 0.00028 132.3 118.03
1 1.5==151.5 1 0.0370  0.00003, 1235 1161
151.5~-161.5 1  0.,0370 5 x 107 700 6967
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TABLE IV.3. COMPUTATION OF RELATIVE FRACTURABILITY, f3;, OF SHIP
PLATE ASSUMING &= 22 F FOR WORLD WAR II STEEL

TT
Interval @i “o /U 3 Tis
31.5-~ 1.5 0 0 0.03366 0 0

L].las‘“"‘ 51.5 O O 0010262 O 0.053
5l.5== 61.5 0 0 0.1Lh942 0 0.237
6l.5=-~ 71.5 3 0.111 0.17756 0.626 0.448
71.5-" 81.5 5 001852 001722 10075 00791
81,5~ 91.5 6  0.2222 0.1363 1.630 1.318
101.5--111.5 3  0.1111  0.0L6L8 2.391 3.031
111,5-~121.5 2 0.,0741  0.02000 3.704 5.060
121.5--131.5 2 0.0741  0.00703 10,541 94356
131.5=-=11.5 1 0.0370 0.00202 18.317 18.422
11,5--151.5 1  0.0370 0.,00047 78.72 79.07
151 05"‘"‘161 DS 1 0.0370 0000009 L’.ll.ll Ll.ll olL}.

TABLE IV.L}. RELATIVE FRACTURE RATES FOR STEELS WITH TRANSITION
TEMPERATURE DISTRIBUTIONS HAVING VARIOUS MEANS

Mean, F Relative Fracture Rate F, %
New Steels o= 1 F} o= 18 F¢ o= 22 F¢

70 100.0 70.6 67 WU

60 3344 3740 3749

50 12.% 16.2 18.8

Lo 3. 5.5 TeT

30 1.0 L.ly 2.5

20 0.1 0.2 0.6

$These are standard deviations assumed for World War II steels
(Tables IV.1l, 2, 3). Standard deviation for new steels was 1l F.
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EXHIBIT V

EFFECT OF CHANGES IN COMPOSITICN AND GRAIN SIZE ON NOTCH TOUGHNESS

Results of a number of investigations now make 1t possible
to estimate quite accurately the effect of changes in chemical
composlition on notech toughness., Table V.1l summarizes the effect
of carbon, manganese, phosphorus, and silicon observed by varilous
investigators(7’8’12’13’1“-)° While other elements change transi-
tion temperature, they are present in small amounts in ship steel
and do not play an ilmportant part in changlng notch toughness.
While phosphorus has a profound effect on transition temperature,
it has remained at about the same level in World War II and post
war steels and therefore has nobt played a significant role in
changing transition temperature,

Many studies have been made of the effect of grain size on
transition tempersature, and the results are summarized in Table
Vo2. There 1s falr agreement between the wvarious observations.

It is interesting to note, however, that varlous studies(18’22’23)
suggest a different effect of grain slze on transition temperature
fer various techniques of obtaining the same range of grain sizes;
finishing temperature changes are nearly twice as effective as
annealing temperature changes. These results suggest thiat the
practice adopted for altering graln size also introduces other
changes not understood at present. Until the relationship be-

tween the fine structure of the steel and notch toughness is
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established, great care must be exercised in making use of the
data ghown in Table V.Z2.

Data on the effect of changes in practice on grain size are
quite limited. However, it has been suggested that "optimum |
finishing temperatures of normalizing of the steel can only be
expécted to reduce the ferrite grain size about one ASTM number
for 1-in. plate. For 1/2-in, thickness, perhaps little or no
reduction would be obtained"(l7). A series of speclal studles
made at Battelle Memorial Institute has likewise shown that &
mean change of one ASTM gréin size number in the ferrite grain
size of l-in. plate is about all that can be expected by chang-
ing finishing temperature or normalizing. It is probable that
"the main benefit of normalizing would be obtalned in those
ﬁlates that were finished at the highest temperatures and hence
had the cbarsest grain size...The net effect would be to reduce
the width of the distribution curve and to lower slightly the
mean transition temperature“(17). These observatlions apply
particularly to semikilled steel. There is some evidence that
normalizing will reduce the grain size of aluminum killed steel
by as much as two ASTM grain size numbers. If a semikilled and
an aluminum killed grade had the same as rolled grain size,
normalizing would result in a smaller grain size in the aluminum
killed steel with a difference of up to one ASTM grain-size

number.



TABL® V.1.

TFFRECTS OF CHANGES IN COMPOSITICN ON
CHARPY V-NOTCH TRANSITION TEMPTRATURE

Ngtional Bure%g 7)
?

Battelle Mémof%%%

Naval Research La‘borator:ﬁnu‘jj

of Standardst Institutett (Al-Killed Steels)
(Plates froijrac- (Semikillﬁd F
tured Ships Steels) Ductility
Element F . F Transition 7 15 ft-1b ?°T'

Change in T.T. Changé in T.T. Change in Transition Temperatﬁre
per 1% Addition per 1% Addition per 1% Addition

c +300 +360 +160 +240

Mn =100 - 95 -1G0 =100

P +1000 +850 +1000 +1000

Si -300 ~-200% - 70O%** O%*%

*Pata available up to 0.15% Si.
**%Dgta available up to 0.9% Si.
**%*Data available up to 0.2% Si.

$V-Notech Charpy - 15 ft-1b T.T.
}$Keyhole Charpy - 20 ft«1b T.T.

Over this value, the effect may be reversed.
Over this value, the effect may be reversed.
Over this value, the effect may be reversed.

..ZA_
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TARLE V.2. EFFECT OF CHANGES IN GRAIN SIZE ON
TRANSITION TEMPERATURES

Shift in Transition
Temperature per In-
crease of 1 A3TM
Reporting Laboratory Grain 5izé Number--
Ferrite Grain Size

Shift in Transition

T.Te F Temperature Note
Definition
National Bureau of =1l 15 ft-1b Hull plate
Standards (7) V-Notch from failed
ships
U, 3., Steel =22 Mid-Span AISI~1020-
Corp. (15) Keyhole Semikilled
Notech
Battelle Memorial =30% 20 £t=1b Semikilled
Institute (6) Keyhole
=258 20 ft=1b Semikilled
Keyhole
-1 8stsese 20=ft~1b Semikilled
Keyhole

Fracture graln slze reported.

#Grain size changed by changing Finishing Temperature,
wuGrain size changed by changing Normalizing Temperature.
s=Grain size changed by changing Annealing Temperature.
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EXHIBIT VI
PROBLEMS ANTICIPATED IN THE PRODUCTION OF SEMIKILLED STEEL OF
ADEQUATE NOTCH TOUGHNESS TO ELIMINATE SERVICE FAILURES
The semikilled grade of ship steel produced with an average
carbon content not greater than 0.20 per cent and a manganese
content from 1.00 to 1.35 per cent appears to be an acceptable
alternative to ABS-C for emergency use(l)° From the standpoint
of production during an emergency, the most important difference
between the proposed grade and World War II ship steel is the
difference in manganese level. The change in the grade proposed
to replace ABS-C steel is from an average of Q.44 per cent manga-
nese to an average of 1.15 per cent, an increase of 0.7l per cent.
The increase in consumption of ferromanganese can be readily
calculated by making the following assumptions:
1. The efficiency of ferromanganese ladle additions
is about 85 per centj that is, roughly one-sixth
of the ferromanganese added in the ladle is oxi-
dized and is lost in the slag.
2., The blooming mill and plate mill losses through
eropping roughly approximate 20 per cent of the
weight of the ingot. This 1s an important con-
sideration because when the secrap is recirculated
through the open hearth, practically all of its

manganese is oxidized and lost in the slag.
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The difference in manganese between World War IT and the

proposed semikilled plate amounts to 20001300,7; or 14.2 pounds

of manganese per ton of ship plate. However, in order to com-
pensate for the 15 per cent oxidation loss in the ladle and for
the 20 per cent scrap loss in the mills, it is necessary to boost

the estimated manganese requirements as follows:

14,2
.85 X .80

equivalent to %Qgg or 26.1 pounds of ferromanganese

(80 per cent manganese) per ton of ingots.

= 20,9 pounds of metallic manganese,

At the current market quotation (June 1, 195%) of 12.5 cents
rer pound of contained manganese in 80 per cent ferromanganese,
the alloy cost of raising the manganese content is approximately
$2.61 per ton of plate. Answeré to questionnaires sent to pro-
ducers of ship plate gave $3.00 per ton of ship plate as the guoted
(June 1, 1954) extra for producing steel under ABS-B, which has
an average manganese content of 0.71 per cent. The proposed semi-
killed steel with its higher manganese content would carry a some-
what higher extra.

The increased consumption of ferromanganese depends on the
level of production. For each one million tons of annual produc-

tion of the proposed grades, the additional ferromanganese con-

) 6
sumption would amount %o gé*l—§5%5é419— or 13,050 tons. If there

were four million tons of this grade of ship plate produced, the

additional manganese requirements could reach 52,200 tons.
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This is a quantity which seems modest in comparison with the
one million tons of ferromanganese consumed in peak years of post-
war steel production. However, during World War II, the pressure
on avallable manganese was very great. In any future EmMETrgency,
the same situation might again prevail. It appears essential to
call this prospective need for manganese to the attention of the
groups now concerned with emergency requirements. Other similarly
hidden demands may be brought to light. It may be essential to
rake special provisions for reserving the necessary quantity of
manganese for the improved semikilled ship plate steels.

ABS-B and -C require more manganese than World War II ship
steel but less than the alternate for ABS-C steel. If the four
million tons of plate were divided between ABS-B and the new

grade, the manganese requirement would be reduced accordingly.
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EXHIBIT VII

ECONOMIC ASPECTS OF THE PRODUCTION AND
UTILIZATION OF VARIQUS TYPES OF STEEL PLATES

INTRCDUCTION

Barrett and Mahin(15) considered all phases of research on
the ship steel problem in their evaluation of the progress to
date in this field. In their discussion, they pointed out that
there were a number of approaches to the production of ship steel
with adequate notch toughness to reduce the service fallure rate
of ships due to brittle behavior. They urged that an analysis
be made of the relative feasibility of the various practices.

This exhibit will discuss the problems involved in the pro-
duction of killed steel and the manufacturing problems involved
in the production of normalized plates and of plates rolled at
a low finishing temperature.

The information on production of ship steel used in this
exhibit of the report is based in part on answers to a question=-
naire sent to the leading producers of ship plate in this country.
It has been supplemented by discussions with some of the makers
of normalizing furnaces.

PROBLEMS ANTICIPATED IN THE PRODUCTION OF ALUMINUM KILLED
STEEL OF ADEQUATE NOTCHE TOUGHNESS TO ELIMINATE SERVICE FAILURES
The production of killed steel made to fine-grain practice

is more costly than the production of semikilled steels. It
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involves the use of hot topsj; but, even so, there is about a ten
per cent greater crop loss than in semikilled steels. Aluminum
additions of roughly two pounds per ton of ingots are made. This
is equivalent to an aluminum consumption of about three pounds
per ton of ship plate. Holding time in the molds 1s increased,
since solidification time of the metal in the hot top is much
longer than that of a semikilled ingot cast in an open-top mold.
This is a significant economic item because (1) the longer resi-
dence of the ingot in the mold reduces the mold life and (2) the
delays in the stripping yard slow down production when the mills
are operating at full ecapacity.

According to published information and replies to the ques-
tionnaire, all aluminum killed, fine-grained- ship steel is cast
in hot-topped, big-end-up molds. However, unconfirmed reports
indicate that this grade of steel may be successfully cast in
big-end-down, open-top molds without hot tops. If this practice
proves to be feasible, it may be an important factor because it
willl prevent the stripping yard from becoming a bottleneck when
operations are at full capacity.

The June 1, 195% published extra for the change in deoxida-
tion practice from semikilled to aluminum killed steel was $10.00
per ton of plates.

The capacity of the stéel industry to produce killed steel
is limited to about 15 million tons per year. However, not all

this capacity could be used for ship plate because of the fact
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that plates are rolled from slab ingots. Despite a large in-
crease in steel-making capacity since 1945, there has been little
increase in capacity to produce killed steel in hot-topped slab
ingots. The need for such steel was consistently underestimated
early in World War II. In any future emergency, the need for
aluminum killed steel for aircraft, ordnance, armor, and other
applications will undoubtedly exceed the available capacity. 1t
will not be possible to make enough aluminum killed ship plate
steel to meet the needs of a large ship building program. If
there is a marked increase in killed steel production capacity
or future development of techniques which avoid the use of hot
tops, a fraction of the ship plate might be rolled from killed
steel ingots. The pressure for killed steel in applications
other than ships will probably be so great that every effort
should be made to develop semikilled steels with adequate notch
toughness.

Information on the cost of additional facilities for making
killed steel in hot-topped ingots is not available.

PROBLEMS ANTICIPATED IN THE PRODUCTION OF NORMALIZED

PLATES OF ADEQUATE TOUGHNESS TO ELIMINATE SERVICE FAILURES

The normalizing process involves putting a plate of rolled
steel into a heating furnace, raising its temperature to about
1650 F, soaking the plate until it has a uniform temperature,
and then removing it from the furnace and permitting it to

cool in air. In many mills the facilities for normalizing in-
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volve handling of plaftes on a batch basis. ©Some new types of
equipment would permit continuous operation. These new methods
are not in general uss.

The only advantage of normalizing is that it would permit
production of steel of equivalent notch toughness and a reduc-
tion in manganese content of semikilled steel by about 0.2 per
cent and of killed steel by about 0.4 per cent or steel of
greater notch toughness. The facilities for normalizing are
relatively l1imited. It appears that there is substantially
less normalizing capacity than capaclity to produce killed steel.
Planning for the use of a large quantity of steel for ship plate
would undoubtedly necessitate the buillding of additional facili-
ties. In answer to the questionnaire, one steel producer estimated
that normalizing facllities to treat 70,000 tons of steel a year
in plates 46 in. by 360 in. would cost about $6,500,000. The
published extra for normalizing was $20 pér ton in 1954%. Whether
this cost would remain as high if production were at a substan-
tially greater level is difficult to estimate.

PROBLEMS ANTICIPATED IN THE PRCDUCTION OF
SHIP PLATE ROLLED WITH A LOWER FINISHING TEMPERATURE

Although research carried on at Battelle and elsewhere has
clearly indicated that a lower finlshing temperature in the plate
mill lowers the transition temperature of ship steel, the lower-
ing of finishing temperature under regular production conditions

is one step upon which steel producers look askance. The main
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reason for this is the fact that except in continuous-rolling
plarits, where the ingot is rolled directly into plate without
intermediate slabbing, a finishing temperature of 1650 F is a
difficult goal to attain. To do so would substantially reduce
the tonnage output during a period of presumed national emergency.
It is also difficult to arrive at a realistic figure of the
extra costs imposed by such a practice., As one steel producer
expressed it in replying to the questionnaire:
"To develop such an estimate would be an extremely complex
-undertaking. It would be necessary to develop specifie
plate sizes and relate them to our individual plate-pro-
ducing facilities. Such a survey would vary so much as

to make an answer to this question impractical and thus
of 1ittle value."
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EXEIBIT VIIL

NOTCH TOQUGHNESS OF SEIP STEELS MADE UNDER CURRENT
AMERICAN BUREAU OF SHIPPING SPECIFICATICNS

In 1947 the American Bureau of Shipping introduced specifica-
tions for hull plate of warious thicknesses. A revision to that
specification that applied after 1/31/56 is covered by the follow-
ing important announcement issued by the American Bureau of Shipping.

"At a meeting of the Technical Committee on November 9,
195% there were adcpted changes to the Bureau's requirements
for hull steel plates of greater than 1/2" thickness as rec-
ommended by the Speecial Subcommittee--Materials and the Com-
mittee on Naval Architecture. These changes result in the
substitution of the following for the present paragraph (10)
of Section 39 of the 1955 edition of the Rules for Building
and Classing Stzel Vessels.

(10) Chemical Composition--Ladle Analysis--

(a) Except as spécified in paragraph (b) and
(c), the material shall conform to the re-
qulirements of Class A as to chemical composi-
tion.

(b) Material for plates over 1/2" up to 1"
incelusive shall conform to the regquirements
of Class B as to chemical composition.
(Material confeorming to the requirements of
Class C will be accepted.) "

(e) Material for plates over 1" ané not ex-
ceeding 2" in thickness shall conform to the
requirements of Class C as to chemical com-
position. Where plates of over 1 3/8%" thick-
ness are used In important structural parts,
it may be reguired that such plates be pro-
duced to special specifications. Plates cover
2" in thickness are to be produced to spe-
cially agreed upon specifications. In both
of these cases the purchaser shall indicate
on the orders a notaetion indicating the agreed
upon specifization.
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Class A Class B3 Class C:L
Carbon, max. per cent - .21 2k
Manganese, per cent _—— .80 to 1.10 .60 to .90
Phosphorus, max. Ok Nel Oh
per cent2
Sulphur, max. per cent .05 .05 .05
Silicon, per cent -— -— .15 to .30

Notel—-Plate steels produced to the requirements of
Class C shall be made with fine grain practice.

Notez-—Where steel is made by the acid process the
maximam per cent phosphorus permitted may be .06

Note3--Where the use of material of cold flanging
quality has been specially approved (see Sec. 3,
Par. 1) the manganese content may be reduced to the
range of .60 to .90.

The changes from the present requirements are as follows:

The application of the Rules for Class C material

has been limited to plates not exceeding 2" in
thickness and the optional clause for special re-
quirements for plates over 1 3/8" in thickness has been
transferred from the preamble just preceding Par. (8)
of Sec, 39 to new sub-paragraph (c¢) of Par. 10.

Class B
Carbon max. per cent is now .21 (formerly .23)
Manganese per cent is now .80 to 1.10 (formerly
060 to 090)
Note # 3 has been added

Class C
Carbon max. per cent is now .2% (formerly .25)

These revised requirements are to be made ap-
plicable to material for new vessels for which
contracts are placed after January 31, 1956 and
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for all orders for stock or repairs to existing vessels
placed after thet date. Exlsting stocks conforming teo
the previcus requiremsnts may be used for repairs cr
alterations ané ts some limited extent for new construc~
tion, where specially approved, until exhausted."

The tensilz propertlies ccvered in the specification are as

Kl

followss

=

(a) The material, except as specified in Paragraph (b), shall

conform to the follcowing requirements as to tensile properties:

Rivet Steel and
Steel for Cold
Flanging

Structural
Steel

Tensile Strength, psi 58 ,000--71,000 55 ,000--65,000

Yield Pcint, min, psi 32,000 30,000
Elongation in 8 in., min, % 21 23
Elongation in 2 in., min, % 22 —_—

(b) Filat-rolled steel 3/16 in. and under in thickness, shapes
less than 1 square irn. in cross section, and bars, cther than
flats, less than 1/2 in. in thickness or diameter, need not be
sublected to tension tests.

(¢) For material over 3/4 in. in thickness or diameter, a de-
duestion from the percentage of elongation in 8 in. specified in
Parzgraph (&) of C.50 per cent shall be made for each increase cf
1/8 in. of the specified thickness or diameter above 3/% in. to a

mirimom of 18 per cent.
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(d) For material under 5/16 in. in thickness or diameter, a
deduction from the percentage of elengation in 8 in. specified
in Paragraph (a) of 1.25 per cent shall be made for each decrease
of 1/32 in. of the specified thickness or diameter below 5/16 in.

Plates up to 1/2 in. in thickness, now covered by ABS-4,
showed little tendency to fail in service. The notch toughness
of steels under ABS-A is currently being evaluated, but data are
not yet available for review.

A few of the data on the transition temperature of steels
made in accordance with ABS-B* and ABS-C specifications are shown
in Table VIII. 1. It can be seen that the transition temperature
of steel made under ABS-C is lower than that under AES-B. 4
rather wide scatter in values, as in World Var II steels, is ap-
parent. Part of this gscatter is due to differences in composition
and part to other prcecessing variables. The scatter, expressed
in terms of the standard deviation; is about 14 F for ABS-B steel
and 16 F for ABS~C steel, both of which are somewhat lower than
the 18 to 22 F standard deviation of World War II steel.

*For ABS-B steel made to the revised specifications, the
transition temperature should be substantially lower than the
value given in Table VIII. 1.



TABLE VIIT.l. CHARPY V-NOTCH 15 FT-LB TRANSITION TEMPERATURES FOR ABS-B AND -C SHIP STEELS
(Sources of data are the American Bureau of Shipping and the New York Naval Shipyard)

ABS-B Ship Stesl ABS-C Ship Stesl
{Thickness, In.} {Thickness, in.)

9/16 5/8 ¥4 136 /8 1 /8 13716 k14 VB OVH1E O FV2 O W/16 W5/B W3/4 VB FISSI6E 2 2V16 2174

A — American - 15 3 - - 15 -3 -30 -3 -3 -2 -4 -17 12 -8 - -4 4 -2 -8
Bureau of - ¥ N - - 2B -33 -26 -4 - -8 -28 0 0 -20 - - -28 - -
Shipping - B B - - 3 - 21 -10 - - -26 - - - - - -15 - -
Data - - B2 - - - -3 -18 -8 - - -3 - - - - - -10 - -

- - - - - - -0 - - - - -18 - - - - - - - -

B-NewYork 445 35 55 31 30 51 3 - +10 -3 - - - - - - - - - -
Naval 15 33 4 - - 47 B - - - - - - - - - - - - -
Shipyard D 2% 3B - - 4 - - - - - - - - - ~ - - - -
Data - B B - - 3 - - - - - - - - - - - - - -

- B 4 - - - - - - - - - - -4 .- .-
T
- B WM - - - - - - - - - - - - - - - - -

2

—98—
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EXEIBIT IX

EFFECT OF CHANGES IN SERVICE CN SHIP FRACTURE

All of the three conditions necessary for brittle fracture

are affected by the operating circumstances:

1.

The stress level in a ship depends on its loading
and the sea encountered., Many cases are on record
in which a fracture is associated with an excep-
tionally heavy sea. Table IX.l, taken from the
final Board Report (11) of July 15, 1946, shows that
the ratio of ineidence of fractures occurring while
the ship was at sea is five times that of the inci-
dence of fracture of ships in port when the tempera-
ture was high and nearly sixteen times the incidence
of fracture in port when the temperature was low.
"Sea conditions varied from calm to stormj; and, un-
doubtedly, 1f a more careful study were possible,
the incidence of fracture under conditions of heavy
sea would be in excess of the (5:1 or 16:1) ratios
noted above (11)."

The increased stress introduced by heavy seas prob-
ably raises the stress level in many areas and brings
into action sharp notches which by virtue of their
distance from structural discontinvities are nct
generally sources of fracture. The increased stress,
then, not only makes for more severe conditions at
obvious structural notches, but also makes possible
fracturing in many other regions of the ship.

The neotches whieh can cause fracture operate in
part as stress raisers. ©Since a minimum stress is
required for fracture, i1t is possible that less se-
vere notches can become fracture sources when the
nominal stress is higher. Hence, under extreme
loading conditions many notches may start cracks
which normally would nots.

Notch toughness of steel 1s temperature dependent.
This has been clearly shown by the transition curves
of Exhibit II. The importance of temperature on
fracturing rate is shown in Fig. IX.1l, taken from
the final Report of the Board of Investigation (11).
Note the marked increase in failure rate at tempera-
tures below 40 F.
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-89~

TABLE IX.l. COMPARISON OF NUMBER OF FAILURES
AT GEA AND IN PORT#*

|

Fractures
(Groups I, II, and III) Ratio
Temperature High in Port 11 1
Temperature Low in Port 37 3
Temperature High at Sea** 53 5
Temperature Low at Sea** 519 47

*Taken from page %2,(11) Report of a Board of Investigation-
Desgign and Methods of Construction of Welded Steel Merchant Ves-
seis, 15 July 1946, Washington, D. C., Government Printing Office,
1947,

*#**Tt must be realized that two-thirds of the operating time
of the 667 Liberty Ships on which this taeble is based was spent
in port; consequently, the service time in the two "at sea®
quadrants includes not only time in heavy seas and in normal and
calm seas, but also a certain amount of time In port.
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Had substantially more ships been at lower tempera-
tures, it is qulte certain that more fracturing

would have occurred. It is interesting to note that
failures in calm seas or in port occurred at tempera-
tures averaging 15 F below temperatures of fractures
in heavy seas (6). This suggests that there is a
limiting temperature at sea below which operation is
qulte uncommon. In port, however, temperatures may
be lower. Without these very low temperatures it
appears that the failure rate in port or in calm seas
would have been reduced by about 25 per cent.

During 1942 and 1943 there were extensive cargo missions in
the North Atlantic and the North Pacific. Later in the war the
center of merchant ship operations moved to the South Seas.

The World War II period probably included the extremes of
temperature which might be anticipated. However, it is generally
assumed that operations in any future emergency may include more
activity in regions of lower temperature than the average of World
War II experience, In considering the effect of lower operating
Lemperature, 1t appears that within the limits of ambient tempera-
ture the state of stress and the severity of the noteh will not
be altered appreciably. However, a drop in temperature may lead
to a significant increase in the percentage of steel which may act
a5 source plates and therefore lncrease the failure rate.

A general estimate can be made of the effect that lower
operating temperatures would have had on World War II ships. It
has been shown that source plates have an energy at failure tem-

perature below 11.4 ft-1b with most below 10 ft-lb and the aver-

age about 7 ft-1b. The percentage of hull plates with their
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10 ft-1b transition temperature below the noted temperature is
shown in Fig. IX.2. The distribution of World War II operating
temperatures for 667 Liberty ships in port and the rate of frac-
ture of these ships is shown in Fig. IX.1. The fracture rate
began to increase very rapidly at about 30 F which, accérding
to Fig. IX.2, is the temperature at which about 85 per cent of
the ship plates had energies of 10 ft-1b or less. At 10 F the
fracture rate was nearly 10 times the rate at 30 F, and the per-
centage of plates with an energy of 10 F was about 98 per cent.
Below a temperature of 10 F, the fracturing rate might increase
very rapldly, as the major effect of temperature is to increase
the percentage of plates ﬁhich serve as potential source plates
for brittle fractures. Furthermore, damage from the crécks
might also increase because of the chances of finding a plate
which can absorb enough energy to stop a2 crack is alsc reduced.
The effect of increased operations at low temperatures can
be estimated qualitatively from the data already presented in
Fig. IX.1 on rate of failure for ships in port as a function of
temperature. The rate of failure goes from 0.01 per ship-month
at 32 F to ¢.02 at 25 F and 0.10 at 10 F. From these data,
doubling the time of operation at 10 F would have added three
additional fractures out of 55, or an increase of about 5 per
cent. Doubling the time of operation below 32 F would have added
about 1M failures; an increase of about 20 per cent. A more
precise estimate was developed by Hulbert, Chése, and Bell of

Battelle as follows:
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The estimated fracture rate for changes in mean operating
temperature will be obtained in a manner analogous to that of
Exhibit IV. To show the extent of the analogy, consider the
following. We assume that:

(a) If all other test factors are fixed, the transi-

tion temperature x and the operating temperature
t influence the probability of failure of a plate
only according to some function of the difference
of those temperatures.

(b) The relative frequency of plates with transition

temperature x 1s a function solely of x - m, where
m is the mean transition temperature of all plates.

(¢) The relative frequency of temperatures T at which

an arbitrary plate (or ship) can be expected to
operate at any time is a function solely of T - n,
where n 1s the mean of all operating temperatures.

We wish to show from these assumptions that the relative frae-
ture rate F, as a function of the mean transition and operating
temperatures, is a function of only their difference. That is,
F(m,n) = F(m - n).

The operating temperature T, of course, varies with time
@y so that T = T(e). Now let P(x - T) be the probability of
failure per unit time of operation at temperature T for a plate
with transition temperature x. Also let V(T - n) be the relative

frequency of operating temperatures. Then the probability of
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fracture per unit time for a plate with transition temperature x is

o
P' (x4n) = ufﬂ P(x - T) V(T - n) aT

-

i uf“” P(x - n - D)V (7) a7,
-
This is a function of only x - nj that is, P' (x,n) = P' (x ~ n).
Since this relation holds at all times, the probability of failure
p{x,n) for this plate during the entire test is also a function of
only x - n. That is, p(x,n) = p(x -~ n).

According to the preceding section, the relative fracturability
f(x,n) is proportional to the probability of fracture;
p(xyn) = p{x -~ n). Therefore, f(x,n) = £f(x - n). According to
assumption (b), the relative frequency U(x,m) of plates with transi-

U(x - m). Then the relative frac-

i

tion temperature x is U(x,m)

ture rate is

o
F(m,n) = Jﬁ‘ f(x - n) U (x - m) ax
L) e

ol
wf' s(fam-mucéraf.

- o0

Thus F(myn) = F(m - n), as was asserted.
It is to be noted that assumptions (b) and (¢) imply that the
shape of the respective distributions are not changed if thelr -

means are changed. For instance, if the distributions were normal,
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this would imply that the means would be changed without changing
the standard deviations.

The conclusion reached means that a reduction in mean transi-
tion temperature of the steel affects the fracture rate in a manner
equivalent to raising the operating temperature by a like amount.

With this in mind an analysis was made of some data collected
on the frequency with which ships were at various temperatures in
port and the failures that oeccurred for various ranges of tempera-
tures. These were taken from Fig. 26 of the Final Report of the
Board of Investigation(ll) which 1s included in this exhibit as
Fig. IX.1.

A. Application to the Original Data. The basic data, read as
carefully as possible from the Figure(ll), are given in Table IX. 2.
Here the failures are recorded per ambient temperature interval.
Ni is the service time recorded per temperature interval in terms
of ship-months of service. The column headed fy is simply ni/Nia
Now, in the previous section, we used W /5 and uj/Suy for
determining fi which was the relative fracturability per transi-
tion temperature averaged over all operating temperatures. To
obtain the relative fracturability per operating temperature
averaged over all transition temperatures, one would use the
equivalent values ni/ﬁzgi divided by N;/SN;. Therefore, the £y
which is used here 1s proportional to the fracturability, the

proportionality factor being;{}&éggiio This factor is canceled

in determining the relative fracture rate, so that no attempt
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was made to evaluate it for this section. No smoothing of the
variation of fi was made in this calculation. Table IX.3 gives
the relative fracture rates if the mean operating temperature

is shifted by S degrees.

TABLE IX.2, COMPUTATICON OF RELATIVE FRACTURABILITY PER OPERATING
TEMPERATURE INTERVAL (UNSMOOTHED DATA)

Ambient Temperature Recorded

Interval Failures (n;) Ny fi
-20 to ~10 0 - -
=10 to 0 2 * -

0 to 10 5 * -
10 to 20 1 100 010
20 to 30 5 250 .020
30 to 40 5 850 0059
40 to 50 6 2100 .0029
50 to 60 10 3200 0031
60 to 70 14 3700 .0038
70 to 80 6 3100 0019
80 to 90 0 2300 0
90 to 100 1 200 .005

100 to 110 0 * 0

*These are values different from zero, but too small to
estimate from the graph.
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TABLE IX.3. RELATIVE FRACTURE RATES FOR OPERATING TEMPERATURE
DISTRIBUTIONS EAVING VARIOUS MEANS

S Relative Fracture Rates,
oF % of
World War II

0 100
+10 78
+20 62
+30 49
+40 35
+50 20
+60 7
+70 2

|
|
|

B. Application to the Adjusted Data. It is also possible to
use smoothed curves for these calculations instead of the raw data.
MacCutcheon and Wright(s) fitted the original curve of ship-months
of service per operating temperature with a normal curve, obtaining
the relation: _

£(T) = 379 exp -LO-04(65 - Tﬂg
The Ni obtalned from this curve, together with the ny of Table IX.2
(adjusted as noted), the values £y = n3/Ny, and values fi* derived
from £y (which was smoothed in this case) are given in Table IX.4.

Table IX.5 again glves the relative fracture rates obtained 1if the

mean operating temperature is shifted S degrees.
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TABLE IX.4. COMPUTATION OF RELATIVE FRACTURABILITY PER OPERATING

Ambient Temperature

TEMPERATURE INTERVAL (SMOOTHED DATA)

Recorded
Interval Failures (n;) Ny £y £q*
-20 to =10 0 0.17 0 0
-10 to 0 2 1.80 1.1129 1.15563
0 to 10 5 (adjusted to 3) 13.67 0.2195 0.22990
10 to 20 1 (adjusted to 3) 75.99 0.03948 0.04137
20 to 30 5 309,94 0.01618 0.01686
30 to Lo 5 920.21 0.,00543  0.00576
40 to 50 6 2005.5%  0,00299  0.00377
50 to 60 10 3200.57  0.00312  0.00304%
60 to 70 14 37%0.04 .0.0037%  0.00241
70 to 80 6 3200.57 0.00187 0.00189
80 to 90 0 2005.54% 0 0.00136
90 to 100 1 920.21  0.0011 0.0009%
100 to 110 0 309.0% 0 0.00052
110 to 120 0 75,99 0 0,00021
120 to 130 0 13.67 0 0

i

TABLE IX.5, RELATIVE FRACTURE RATES FOR OPERATING TEMPERA-
TURE DISTRIBUTIONS HAVING VARICUS MEANS

Change in Mean
Operating Temperature - S
of'

Relative Fracture Rates,
% of
World Wwar Il

=20 510.5
-10 199.7

0 100.0
+10 & il
+20 45,5
+30 31.5
+)+O 20 ° 2
+50 11.6
+6O 6 ol




= Q0

A comparison of Table IX.5 with Table IV.4 shows a somewhat
slower reduction in fracture rates with a change in temperature
for Table 4. This may be due in part to the lower stresses en-
countered by ships in port. However, this is only one of the
things which could have affected the rate.

In view of the fairly radical differences in the conditions

of the two tests, the results agree surprisingly well.



