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ABSTRACT

This 1s a final report presenting the results of an ex-
tended series of tests made mainly-to determine the effects
of temperéture upon strength, energy absorption and transition
temperature of ship plate steels 1n tension specimens of “wide
plate" type with standardized internal notches.

The report is presented in three parts, the first part
dealing with 12" wide by 3/4" thick specimens. Most of the
steels used were the so-called pedigreed steels.

The secormd part of the report deals with

simllar internally notched steel plétes of variable width and
thickness. The objective of these tests was to separately
determine the metallurgical and geometrical effects of plate
thickness. All plates were tested in "as rolled" thickness.
The third part of the report concerns detailed studies
to determine the energy distribution in 12" wide internally
notched plates. Unit strain energy was computed using surface
strains obtained by grid measurements.
The program reported in this paper wa
Ship Structure Committee and was conducted through a Bureau
of Ships Contract and coordinated by the Committee on Ship

Steel of the National Research Council.

ix



FINAL REPORT
GENERAL INTRODUCTION

This 1s a summary report based on earlier Progress Reporis (1),

(27, 37, L0® (Ship Structure Committee reports S3C-21, S§8~35,
SSC-4l+, SS5C-38) bearing on the general subject of the efTect of
terperature on the plastic behavior of ship plate steel.

This final report is presented in three parts to clarify and

ortivae anAd
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rndings of the se
the project which followed different approaches. The observations
of the separate phases are presented in three parts as follows:

Part 1 Tensile tests of 12 inch wide internally notched
flat plate specimens, 3/4 inch thick.

Dawnée TT A avmant atdes Dwnaprwam Tarmetln *ockte Af intoarnallv
& AL W 44 nayﬁ\-’ Ml VLW L AVERLGLUL. Ll wowvw Vi Al ke LA ek F
notched plates of varying width and thickness.

Part III Studies of Energy Distribution 4in 12 inch wide
plates.

Part I and Report No. $5C-21{1) were concerned with the "Pedi-
greed Steels" previcusly studied by the University of California(5)
and the University of Illinois(6). The "Pedigreed Steels" has also
been used in many other investigétions, and for correlation purposes
it was desirable to extend the original data by additional tests

under identical conditions.

The research presented in this paper was sponsored by the Ship
Structure Committee and was conducted through Bureau of Ships Con-
tract NObs 45521 and coprdinated by the Committee on Ship Steel of
the National Research Council.

*Superscripts refer to references listej in Bibliography.
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Tests on 12" wide notched plates were also made on a series
of samples termed the “S" Steels, intended to show the effect of
certain chemical, metallurgical and rolling mill practices. This
laboratory has investigated three steels from this series, and
the David Taylor Model Basin(7) has reported on five of the "S"
Steels. In addition, this laboratory investigated “W" Steel.
These results were presented in Report No. SSC-35(2).

Part II describes the investigations of metallurgical and
geometrical effects on strength, energy absorption and transition
temperaturs. This part of the project has been termed the "ﬁspect
Ratio Program." Plates rolled from one heat of steel in thick-
nesses of 1/2", 3/4%, 1% and 14" were used in preparing geometri-
cally similar internally notched tensile specimens. This approach
to the problem conteuplated a segregation of the metallurgical
effects and geometriczl effects. This part of the 1ﬁvestigation
has been reported in detail in Report No. s3C-by, (3)

Part 111 deals with an exploratory study of the strain energy
ahsorption patterns in 12" wide internally notched specimens.
Strain energy was computed from strains obtained by grid measure-
ments. OSpecimens were stralned at two temperatures, at which frac-.
ture occurred in the shear and cleavage modes. The purpose of
the study was to determine the difference by which plates ab-
sorbed energy 1in the two modes of fracturing. A second purpose

of the study was to explore the possibility of an extrapolation
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The details of this study were reported in Report No. 853—38.('*)
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PART I
by
S. T. Carpenter and W. P. Roop

IWELVE INCH WIDE FLAT PLATE TESTS

JNTRODUCTION

The tests(l)’ (2) reported herein were made on internally
notched 12" wide by 24" long steel plates in their as-rolled
thicknesses, (nominally 3/4" thick). The steels tested bore
the code symbols "A", “C", "Bn", "Br", “Dn", “E", "W", S-9,

S-12 and S-22. The first six steels have been commonly referred
to as "Pedigreed Steels" and have been used in many other inves-
tigations. The "S" Steels were part of a program involving steels
-1 to 5-23 inclusive, with David Taylor Model Basin(?) testing
and reporting on S-1 to S-5 inclusive.

The primary objective of testing the "Pedigreed Steels" was
to supplement the data previously obtained by the University of
California(g) and the University of Illinois‘é) on these steels.
These had come to be regarded as steels upon which certain iupor-
tant correlation studies could be based. Another objective was
to ascertain the effect of distance of the specimen from the edge
of the rolled plate upon transition temperature and energy absorp-
tion. The "S" Steels were introduced intb the program mainly to
determine the difference with respect to cold brittieness between

fine gralned and coarse grained steels.
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MATERIALS

The chemical analyses and physical properties of the plates
are given in Tables 1 and 2.7 .

The "S-9" steel had a mill designation of Type ASTM A7-L46.
The "S5-12" and "S-22% steels were both from the same heat where
"5-12" and "S-22" steels were both from the same heat where "S-12"
was fine grained since aluminum had been added in both the ladle
and the mold, while "S5-22" was coarse grained in that aluminum

hed been added in the ladle only.

TEST SPECIMENS AND TESTING TECHNIGUES

Test Specimens

Figure 1 represents a 12" wide x 24% long internally notched
plate specimen, with the 24" dimension in the direction of rolling
and of the applied tensile loading. The length of the ¢entral
slot is 3" (one-quarter of the width) and terminates with a
Jeweler's hacksaw cut, about 0.010" wide.

The test specimens were flame cut from larger plates and then
machined to exact width. The plate layout showing the position
of the speclmens is gi
in Figure 3 for the 6' x 6' plates. Test specimens are identified
by the code letter of the steel, followed by a laboratory serial
nurber, and the last number gives the location of the specimen

within the plate according to the layouts shown in Figures?2 and 3.

For example, A-18-13 identifies a specimen of "A" steel, but from

*411 tables at end of report, beginning on page
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plate Number 18, specimen location being No. 13.
All specimens were butt-welded to 13" thiek pulling heads,

which were gripped by the jJaws cf a 600,000 1b. testing machine.

Preparation of the test specimens is fully described in previous

reports (1), (2).

ured over a gage length of 9" (three
quarters of the width of the plate), symmetrical with the notch,
at five stations on each face of the plate, and czne on each edge.
12 slip gages were used.with bakelite-bonded SR-4% pick-ups. The
mounting of each gage was such as to permit individual elongation
readings.

Figure 4 shows the complete setun of gages on a test specimen

(1)

and further details may be found in a previous report

Temperature Control

A transparent temperature control chamber surrounded the
specimen. The chamber was either cooled by air blown over dry
ice, or warmed by heating with electric strip heaters. The tem-
perature of the specimen was obtalned by using thermocouples |

1arad near the ends nf the roteh., See
e N N ek & b et - A= o &N h W WAL T Bl Nt Nt

full detalls.

Testing Procedure

The tensile loading of the specimen was applied in successlve
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elongation. At each reading the pump loading was stopped and
the load value drifted downward a little. The value plotted
was that prior to drift. Extremely low strain rates were in-
volved; approximately 45 minutes elapsed from the zero load to

the maximum load for all specimens.

TEST RESULTS
Data

Tables 3 to 12 inclusive list the basic data, while Figures
5 to 14 inclusive give a graphical summary d'the data for each
steel. The important quantities in the tables for each specimen
are the testing temperature, the loads, energy input, and char-
acter of the fracture, as defined by the percent of shear failure
in the fracture. Significant values of load recorded in the
tables are: {a) Load to produce the visible crack at the base
of the notch, (b} the maximum load, and (c¢) the last observable
load, noted as the failure load, at the moment of complete se-
paration of the specimen. The energy inputs to these three

separate load stages were computed by taking areas under the

plotted load-elongation curve and are denoted in this report as

E - Energy to visible crack loading
El— Energy to maximum load

E2- Energy to failure load
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In the case of a complete cleavage fallure El = Ez. Figures
15 and 16 show the typical form of the load~elongation curves for a
shear and cleavage failure respectively for "Bn" steel. Load -
elongation diggrams for all specimens tested in the Part I pro-

(1), (2),

gram have been given in Progress Reports

DISCUSSION & TEST RESULTS
Fracturing Characteristics

During all tests the first visible crack at the root of the
notch was observed at mid-thickness of the plate. This initial
crack grew in depth and extended to the faces of the plate wifh
greater a~~lied load. X-ray studies made of the progress of the
¢iavk front with increasing load indicate that the crack had
penetrated about 1/2" in depth at the plats mid-thickness before
the crack front reachzd the surfaces of the plate. The ¢rack
front, after extending to the surfaces, became bell shaped.

Through plastic flow of the metal in this stage the initial
aculty of the jewsler's hack saw cut was destroyed and a new |
acuit} was created.

The main features of this preliminary stage were the same
whether the final rupture was by shear or cleavage. In a speciQ ®
men failing in c¢leavage the visible c¢rack occurred at approximately
the same load as for a ductile specimen but perhaps did not ex-
tend as far in depth before failure. It has been impossible to

ascertain whether this initial crack 1s the result of a cleavage




or shear failure. However, a new notch (the crack front) was
definitely present in all specimens before fracture. The acuity
at the moment of choice between advance to rupture by shear or
by cleavage was always that of a naturel crack.

Specimens failing in shear fractured either along a_single
450 shearing plan2 or along two such planes. The former case
was more prevalent but the latter type cccurred mcst often in
the transi g
separate completely upcn reaching the maximum load; but the
photographs of the frazctures (})5 (2) indicate that variations
of this occurred. One variation was an initial failure by
cleavage after which the c¢rack halted at soms distance from the
notch. (See Figurs 23 of Ref. (1)). Further loading might then
either produce a second cleavage jump cr the mode of rupture might
change into shear.

The character of the fracture surfaces could usually be rated

"granular" or "fibrous" fo

S

all pedigreed steels except "Br and
YEn." An exception is noted for a number of "Br" specimens where
the fracture surface had a sandwich appearance as shown in Figure
17 with approximately three equal and distinct zones (striation)
the center zone having the coarser texture.

Of the steels tested, the fracture surfaces of steels "C" and
“"E" were-the most variable, exhibiting a mixture of cleavage and
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E-36-2, Figure 18, is of interest because the specimen appeared
to fail "instantaneously" in cleavage, although examination of
the fracture shows that the crack ééont paused and then continumed
to fracture.

The cleavage fractures of "S-12" and 'S-22" steels differed
in appearance; the fractures for "S-12" were extremely rough and
ragged in comparisons to the fracture surfaces of the "5-22" steels.
Also the energy to maximum load for S-12 did not fall away at low
temperature, and this may possibly be related to the unusual
appearance of the fracture.

Several specimens of “Bn" and "E" steels, (see previous
Reports(l)’(a)) exhibited what may be termed a first and second
maximum load. Thls second maximum load occurred after an initial
partial cleavage fracture a% the first{ maximum load. In some
instances considerablie elongation was noted in reaching the second
maximum load after which fracture might be completed either by

¢leavege or shear.

Effect of Mcde of Fracture on Loadg

A comparison of maximum loads in cleavage and shear is shown
in Table 13. The ratio of loads for the two modes is quite con-
sistent but maximum loads do not correlate with the tensile pro-
perties of the steels as determined by A.S.T.M. unnotched tensile
tests. Maximum stress over net initial area in the shear mode

varies from 47,000 psi to 56,000 psi, and in the cleavage mode




Fig.

17.

18.
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Fracture Surface of a "Br" Specimen
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from 40,000 psi to 49,000 psi. Thus shear and cleavage failures
were induced by average stresses somewhat above yleld stresses
but below ultimate values, as detérmined from standard tensile
tests, 1ﬁdicating that even in a relatively simple structure such
as the present notched specimen, the strength of the specimens
bears no clear cut relation to the tensile properties of the
material as found in urmotched specimens.

As the crack slowly advances in a ductile specimen, the
applied loads do not fall off with the net cross-sectional area.
As an example of this, for specimen A-18-9, a load of 286,000 ibs.
initiated the tearing cf specimen at the notch, with an average
longitudinal tensile stress of 3,100 psi. At the maximum load
of 314,50C 1b:z., the tearing at the notch left a net width of
7 11/16%, giving an zverage tensile stress oa the net area of
52,000 psi. Additional stretching of the specimen increased the
length of crack until at 5 load of 198,000 lbs. the average unit’
stress was 75,400 psi. The last observable load for this spaeci-
men was 133,500 1bs. with only 7/8" of the original width intact,

o M D27 IV ned M = rtrdimAan 10
- WA (= i d ,-LVV HD-L. ldd w2 ALl AW

o

4
common for all ductile specimens and'may be explained by the
strain hardening action induced by the large strains in the ?rac—
ture zone of' the plate prior to failure. High local stress values
at the apex of the advancing crack are accompanied by high rates

of energy absorption there (See Part I1II).

b e
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Effect of Mode of Fracture on Energy

A comparison of energy absorbed to maximum load for the
cleavage and shear modes of failure is shown in Table 14. The
ratios of the energles at maximum load in the shear mode to thosa
in cleavage mode are much more variable than the maximum load
ratics. If 1t should be supposed that the energy in the cleavage
mode is important to a designer, then steel "A"™ would appear to
be inferior., However, such a conclusion wculd be difficult to
accept. The role of capacity for energy absorption in deciding
the suitability of a steel for structural use can be evaluated

enly after a more complete analysis of the data.

Transition Temperature

The transition tempersturs for a2 given steel depends upon
the form of the test specimen and the quantity whose variation
wvith temperature 1s observed. Various quantities such as loss
of thickness, bend-angle, energy, fracture appearance, and strength,
as they have varied with temperature; have been used to define
the transition temperature. It has been the usual practice to
name a single valuez of transition temperature notwithstanding the
scattering of data in the transitién zone. This laboratory pre-
fers to state the transition temperature in terms o a tempera-
ture range rather than of a single value, where the upper limit
of the range indicates that temperature below which one can not
be sure of fully ductile action. The lower limit of the tempera-

ture range indicates that temperature below which it is expected
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that no mixed fractures of shear and cleavage will occur. For
correlation purposes,; however, this report glves both a range
and a single value considered suitable for comparison with
transition temperatures based on halfw-value, as determined by
other investigators.

Transition temperatures of this report are based on energy
to maximum load as well as on appearance of the fracture. No
use has been made of the data on energy absorbed beyond maximum
lozd. Transition temperature range ls determined by an inspep-
tion of the data to ascertain the range of temperature through
which -the absorbed energy-or the fracture appearance indicates
a chance of embrittlement. A single transiticn temperature based
either on energy or appearance has been sclected by drawing an
average curve representative of the data and selecting the tem-
perature at which the energy or percent of shear is midway between
their respective maximum and minimum values. This latter method
could give the same results for two steels even though the upper
limit of the transition zone for one might be much higher than
for the other.* It is believed that the transition temperature
range better expresses the difference between such steels, and =
the upper limit of the stated range provides an important index

to the steels'! initial susceptibility to embrittlement.

*In a few cases it led to the anomaly of a single value lying
outside the range of values.

2 b
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Table 15 summarizes the transition temperature ranges, and
the single values of transition temperature for all steels tested,
along with the values determined by the Navy Tear Testca)’(9)

The results obtained at the University of Californi a(S) and the

University of Illinois(s) are also given. Energy to maximum load
and appearance indicate the same temperature range with only two
exceptions, steels C and S-12. The single temperature values
based on energy to maximum load and on appearance are also quite
close to each other.

For "Br" and "S-12" reduction of thickness at the bace of
the notch seems to diminish at the transition temperature as

determined from energy and appearance (See Figures 19, 20.)

A diagram of correlation o

+

the

nr ent roosm
B & S t-l' \-sav - w7

of the Navy Tear Test is given in Figure 21. The correlation
based on transition range indicates that AT , the transition
temperature differential between results obtained by the Tear
Test and by the 12" wide plate test, may be between +10° and
+52%F with a median value of +31°F. The Tear Test value is
always higher. This may be compared with a aT of +4+0°F found
by MacCutcheon, Pittiglio and Raring{?'\l for other mild steels.

The California and Illinois transition temperatures correlate

3 m™. -, Rt
o e AT wwdl b

data place the transition of "A" steel 17° higher end of the

"Bn" steel 11° higher than these previously reported values.
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The other steels agree more closely. It appears that by increas-

irg the number of tests a narrower range of transition has been

S v~ A ‘

determined.
!
;
Variations due to Location of the Specimen within & 6' x 10' plate %

The tests were planned in part to bring out differences
due to location within the rolled plate. On an energy basis 1t
is common for specimens from the outside zones at the rolled
edges of the plate, when compared with spezimers foom the center
zone (ap approximately the same temperature, to show less véria-
tion than that between specimens in the center zone. Aside from
this, the results do not warrant the making of any general state-

ments.

Effect of Manganese-Carbon Ratle
High ratio of manganece to carbon has been sald to be a cure
for cold-brittleness. In the present data the agreeement of the,
ransition temperature with the order of the Mn/C ratio, where

carbon content is essentially constant, is shown in Table 16.

o
"S-22" has

o= ha: trancition tem

"5.12" with identical Mn/C ratio: the coarse grain in "S-22"
compared with the fine grain of "S8-12" was the controlling in-
fluence. It appears that the data of this report are too
limited to warrant any conclusions being drawn conCerning thé

Mn/C ratio and grain size effect. Normalizing in the case of
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of "Bn" compared with "Br" did not materially change the transi-

tion temperature, '"Bn" having transition higher than “"Br" by a

small margin.

2.)

w
Ly

L.)

CONCLUSIONS - pART I

The internally notched flat plate specimens taken as
representing a ship's deck plating, show temperature
effects simllar to those occurring in service.

Before direct infermnce can be made about safety of a
given steel in service, the difference between the
laboratary specimen and the service structure must‘be
more completely understood.

The results of these tests confirm those of earlier
work with the same type of specimen, particularly as
to high transition temperature for "C" and "E" steels.

The 12" wide by 3/4" thick internally notched flat

plate tests determine the transition temperature

at about 30°F lower then the Navy Tear Test.
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EART 11
by
S. T. Carpenter and W. P. Roop

AGPECT RATIO PROGRAM

INTRODUCTION

This is an exploratory investigation of the effects of
specimen geometry (width and thickness) on strength, energy
absorption and transition fémperature, using internally notchedl
plate specimens tested in tension. The width and thickness .
of specimens were combined in a single parameter, the ratic of
gross width of specimen to thickness of the plate, called the
Aspect Ratio (AR). Specimens of equal AR were initially geome-
trically similar, since notch length and acuity were also held
in striét similitude.

The intent of this study was to obtain a separation of
geometrical from metallurgical effects in plates from the sams=
heat héving variable "as rolled" thicknesses. Since specimens
geometrically similar to each other differ only with respect
to their absolute scale or size, and since absolute slze in it-
self alone can not affect a dimensionless quantity llke transition
temperature, differences in dbehavior of specimens of equal aspect
ratio can be atiributed only to metallurgical causes, as, for ex-

ample, relative grain slze. A systematic variation in AR in
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each of the various plate thicknesses wac made, and each of two
different steels. Assuming for a given thickness of a given
steel, that chemical and metallurgical properties remain constant,
any varying effects noted conld be attributed to geomztry in the
form of variable aspect ratio or, in thls case, width. By using
specimens of different thicxnesses, but with equal AR, a de-

termination was made of the effects of metallurgical changes due

to roliing.

MATERIALS

e samples used in the aspect ratio prograin have been giveﬁ.
the code designation T-1, T-2, and T~2R. The T-1* steel was
furnished in 1/2", 3/4", 1" end 1-1/2" thicknesses, with all
plates rolled from the same heat., The T-2 steel was received
in 3/4%, 1" and 1-1/2" thicknesses, all rolled from the same
heat. T-2R designates the 3/4" thick plates obtained by re-rolling
a portion of the 1-1/2" thick T-2 steel.

The chermical analysis for these steels is as follows:

Steel Code C Mn P S Si
T""l .16 r93 -013 103}‘" -02
T-2 .18 .72 024,026 .26

T-1 steel is a semi-killed steel of the ABS-B type and the

I-2 steel is a silicon-aluminum killed, fine grained steel.

*The T-1 steel was given the plate code letter "C" in the report
"Further Study of Navy Tear Test" by N. 4. Kahn and L. A. Imbembo
published in the Welding Journal, February 1950.
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The T-2R steel was produced by re-rolling 2 pieces of T-2
steel 1-1/2% thick x 48" wide x 60" long. A reduction to 3/4"
thickness was made without cross rolling in 3 passes while main-
tzining the 48" wide dimension. The 1-1/2" thick plates were in
the scaking pit prior to rolling for one hour and fifteen minutes
at a temperature of 2240°F. The finishing temperature was 1680°F.
The surfaces of the re-rolled plates were excellent and relatively
free frcm scale.

The grain size for these steels has been reported to this

laboratory by N. A. Kahn* of the New York Naval Shipyard, as

follows:
Steel Code Plate Thickness McOuaid-Ehn Grein Size

T-1 1/2" l1tohk

T-1 3/bt 1 to3

T-1 v lto3

T-1 1-1/2% 8

T-2R 3/l 7 to 8

It has been further reported for the T-1 steel that a pro-

gressive decrease in the ferrite grain size was observed, with

a decrease in plate thickness. The ferrite grain size for the

T-2 steel has been reported as 5 to 7 and for the T-2R steel as
6 to 8.

*By letter.

.
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The values of yield stress and ultimate stress are given iw

Table 17.

TEST SPECIMENS AND TEST

A

HEDULE

Figure 22 represents the type of specimen used: The dia-
meters of the drill holes at the ends of the internal notches
are directly proportional to plate thickness, starting with a
diameter of 1/32 inch for a plate 1/2 inch thick. The sizes
cf the drill holes
in Figure 22.

The aspect ratios tested in the different thicknesses for the

various stcels are given in the table 18.
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The elongations of test specimens under load were measured
in the direction of tensile loadlng over a gage 1engfh equal to
3/4% the width of any individual specimen. The same clip gage
instrumentation as described in Report No. SSC-21(1) was adapted
to longqrror shorter gage lengths by using an adapter.

Temperature control was obtained as described in Part I of

this report.

TEST RESULTS

ata

All data are given in Report No. s5C.-414(3) covering this

subject. The present report only gives summaries of the basic

data, in the form of maximum unit stress, unit energy, and
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transition temperature, as reduced from data on all the specimens

in each group.

Average Maximum Unit Stress

Unit stress at maximum load 1s summarized in Tables 19 and
20; it is determined by dividing the maximum load by the net
eross-sectional area of the specimen at the notch. The values
given in Tables 19 and 20 are separately given for all specimens

exhibiting either a shear failure or a zero shear failure.

Unit Energy

The Energy absorbing capacities of a given steel in different
aspect ratios may be compared by considering single values as
averaged for all speclimens tested under equal conditions. This
unit energy 1s designated by the symbol u. For each of the specl-
nens contributing to the average it is the result obtained by in-
tegrating the load-elongation curve to the point of maximum load
and dividing by the whole volume of the plate between gage lines,

with no allowance for the notch. If W is width and t thickness,

this volume is

Wx 3/%Wxt
Thus u = Energy + 3/4 Wt inch«pousids per cubic inch.
Table 19 summarizes unit energies to maximum load for the
various specimens of T-1 steel. These values are given only for

Specimens falling in 100% shear or zero percent shear, but in each
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case the averages were extended to all relevant specimens.

Table 20 summarizes results for T-2 and T-2R steels in a similar
way. Energy absorbed beyond maximum load has not been considcred
in the precent znalysis, though its values are recorded in pre-

vious reports,(l)a(2),(3)

DISCUSSION (B TEST RISITTS
Throughout this project the aim has been to avoid any sort

of comm’tment. especially of an implicit raturc,; to any specific

Thus, among the plotted data on temperature effects, no curves
have been drawn. Of course the very natura of the test bears an
implication that temperature has a prime influsnce on the be-
havior of the steel; the tests are intended to provide unprejudiced
data gs to the nature of this influence. In following these aims
a standard procedure has been used throughout and it has been
described in detail in the progress reporis.

One might hope for data that would speak for thsmselves in

a convincing way in amswer to certain specific questions. Such
t

a question is this: what i1s the highest temperature at which cdld”
brittleness of a given sample of steel might impalr its usefulness
in ship hull construction? But to this question neither these

nor any other tests give a clear~cut answer. Any one may view
these data against his own background of experience and judgment

in reaching his own conclusions.

[P

g . bt o
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This does not mean that we have had no idea as to what con-
clusions might withstand critique and finally be found valid.
Rather we have had two different ideas. Instead of presenting
simply the conclusion on which we finally agree, or framing con-
clucions so vaguely as to make them useless for further thought
on this subject, we prefer to describe the course of our own
thought as 1t developed during work on the project.

The guiding thought in choice of this type of specimen, now
2s ten years ago, is that it is & compromise between two extremes.
On one hand, specimens so small and in form so different from full:
scale structure as to bear to it no resemblance at all are widely
used. The validity of results of tests with such specimens deperds
on the idea that features of the behavior of a sample of metal as
demonstrated in such smzll specimens will persist in a full scale
structure made of the metal thus sampled, regardless of geometrical
differences, and, particularly, regardless of size.

At the other extreme is the idea that both geometrical forn
and size affect cold brittleness; strictly. therefore, only the
full scale structure can speak for itself, and the only source
of information lies in the study of service casualties.

The compromise offered by the wide plate specimens 1s based

be ascertained. It is a laboratory specimen which reduces dif-
ferences from full-scale structure in form and size to the point
vhere the allowance which must be made for these differences @an

be reduced to a moderate amount.
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with respect to form, the specimen differs from the full-
scale deck plating of a ship mainly in two particulars: (a) in
use of a standarized notch, and (b).in width. Standardization
of the notch 1s necessary in order to obtain systematic data.
The actual spread in severity of service notching, the relative
fluence of notch severity

nf
on behavior -- all these are subjects lying outside the limits

of the purpose of these tests.,

fullescale deck plating in thickness. A primary object of the
project 1s to study the effect of width on cold-brittleness urder
the condition of constant thickness s rolled. Ships® decks, how-
ever, are not all 3/4 inch thick.

In study of cold brittleness in different thicknesses, each
different thickness could be regarded as a different case, unre-
lated to other thicknesses. Since rolling down to reduced thick-
ness alters the metallurgical nature of a sample of steel, there
is ground for regarding plates of different thickness as being
quite simply different sample of steel. Our data permit any one
who so0 wishes to follow such an interpretation.

But it ought to be possible to do better than that. A pro-

gressive change In thickness produces like progressive changes in

all medium steels; rolling down to reduced thickness favors
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ductility. But when we proceed toc evaluate this effect we must
answer this question: How are samples of different thickness
to be compared with each other? Are the specimens to be of equal
width, or should all the conditions of full geometricl similtude
be applied?®

It is possible that this question could be by-passed for
the wide-plate specimens by simply evaluating widthe~effect separ-

ately for each thickness. But if any broad conclusions

the systematic influence of thickness on behavior are to be

draw:i, this question cannot be evaded. Thus between the wide
plates and small test Specihens the obvious and primary differences
are those of form and size. Before the results of tests with

small specimens can be translated into terms of wide plates,

and thence to full-scale structure, the effect of these differences

must be understood. Otherwise the use of such specimens 1lmplies

that they give information as to the inherent qualities of the

in form and\size are without any effect on the essential behavior
of the metal. No one can assert that this has been proved, and
we do not believe that 1t is true.

Aside from this practical need for a better understanding
of the role of similitude, it has a more general interest. Re-
peated attempts have been made to determine whether data from

specimens in strict similitude, and differing only in scale-factor,
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actually conform to the laws of similitude, without "size-
effect”, that is without effects which can be attributed to
differcnces in size alone. A series of eleven tests of this
nature have been described by Earl Parker(10); special effort
was made to obtain identity of material and the initial dimen-
sions were in strict geometrical similitude, yet at egqual tem-
peratures the thicker specimens were less ductile. The author
explains this by the presence of an incipient crack at an early
stage in deformation. More extensive tests are reported from the
University of North Carolina(ll) ending with the conclusion the
"size effects in plastic flow are small. Prominent effects are
associated with the initiation and propagation of cracks.”

An extensive review of this matter, with special reférence
to the notched bar impact test, was made by Fettwels in 1929(12)-
He points out that F. Kick, in 1885, stated the Law of Similitude
for plastic deformation as follows: "1If two geometrically similar
bodies of identical material (gleicher Beschaffenheit) are de- ’
formed by external forces similarly applied in such a way that
the geometrical similitude continues to be maintained, then energy
absorbed is in the ratio of the veolumes of metal and forces are
in the ratio of the areas.

"When these cornditions are satisfied, the ratios are as
stated, not only for the body &s a whole, but also for its ine
finitesimal parts. The corresponding stresses in the two bodles

are thus equal."

s
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Although in numerous notch=d bar tests by many investiga-
ters the equality of the ratios mentioned by Kick is not main-
tained when scale factor is varied, yet this can be ascribed
to failure to satisfy the necessary coﬁﬁitions. It can hardly
be doubted that if the conditions could be met the requirements
of similitude would be satisfied:

In the present static tests deviaticns from bshavior in accord
with similitude occur mainly with respect to two particulars:
(a) metallurgical constitution of the material, and (b) mainten-
ance of similitude in the detalls of the strain patterns. Tem-
perature, being withcut geometricél dimensions, would have no
geometrical influence and actual temperatur~ effets would have
to be attributed to inherent qualities in the metal. 5o far as
similitude is concernad, samples of the sams metal at different
temperatures are, in effect, of different metals.

If the two deviations from sipilitude as mentioned could
be contreciled, it would be necessary only to auplicate, oa a
reduced scale and in identical material, a segment of full-
scale structufe, load it correctly in the laboratary, and from
the results infer what plastic behavior might be expected of the
full-scale prototype.

In planning the present tests we were also concerned with
these more distant considerations. But in any case, whatever use

of the data might later be made, it was ¢lear that the different
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widths for each thickness should be chosen so as to give homo-

logous series of values of the dimensionless ra%tio of width

to thickness, the "aspect ratio".

Nominal Stress at Maximum Load

The unlt stress values from Table 19, as averaged for all
epecimens failing in 100% shear, are plotted on aspect ratio
in Figure 23. The plot shows that strength in each thickness
gridually tut consistently decreases with increacsing aspect |
ratio. This gradual reduction can only be due to increased
width since both acuity-and metallurgy are constant for any
given thickness.

Considered with reference to then ultimate tensile strength

inanu n (UT

n-notched gpecime 8) as given in Table 17, these data
indicate a complex situaticn. Tt has long been accepted that
UTS in an vn~notched bar is not much affected by width but the
presence of the notch has the strange effect of introduclug a
regular decrease in strength with increasing width at coastant
thicknéss. One might expect that adding metal at a distance
from the notch would diminish the overall influence of the notch,
but the a¢tual effect has a contrary sense. It is the narrower
specimwens, in which the average distance of metal from the notch
in the net section is less, that are the stronger. Indeed, in
both 1/2 and 3/% inch thicknesses, in the narrowest specimens,
notching actually raises the tensilie strength above the un-notched

value.
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Comparing the different thicknesses of T-1 steel {in 3
of thie  cases) at any given aspect ratio, strength of the
notched specimens runs parallel to th&? of the un-notched bars.
The l-inch ber ir Table 17 shows an ahomaly not seen in thne notchel
specimens. Aside from this anomaly, the curves in Figure 23 for
the different thicknesses would be‘nearly superposed if strength
were plottcd as a fraction of UTS.

£t on= stage in the analysis of these data it was thought
possible to sift out evidence that might indicats a deviation
from the conditions of strict similitude such that two specimens,
differing only in scale factor, might yet not be equal to each
other in strength. Except for the anomaly of the l-inch bar,
no such deviation appears. But it happended, in the search for
geometrical effects, that strength was plotted on gross width,
repardless of thickness, instead of on aspect ratioc. The result,
as seen in Figure 24, is that the curves for the four thicknesses
are nearly superposed. A hasty conclusion was suggested, that
strength might be affected only by width and not at all by
thickness. The loss of strength as width increases is well marked,
but zt any one width all thicknesses have nearly the same strengtn.

Further study reveals, however, that this is a case of mutual
cancellation of two opposite effects which happen to be nearly
equal. When plates geometrically similar are compared (as at

equal aspect ratios in Figure 23} the thicker plate has a lower
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strongtn; it is, however, wider as well as thicker. If its
width is cut down to match that of the thinner plate, its
strength is increased. These opposite effects cbme near to
cancellinz each c¢ther when aspect ratio is multiplied by thick-
ness and comparison is made, as in Figure 24, at equal width.
The differences between thicknesses at equal aspect ratlos
in Figure 23 are metallurgical differences. No reason is seen
for dou T these
elimiratzd, notched specimens of all scale-factor values, but

at the same aspect ratio, would have the same nominal strength

at maximum load.

In Figure 25 the unit energy to maximum load for specimens
failing in 100% shear is plotted against aspect ratioc for plates
of T-1 steel. For equal aspect ratios the 1/2 inch thick plate
absorbs more energy per cubic inch than the thicker plates though
the differences due to thickness are less in the Higher asrect
ratios. In 211 thicknesses without exception the energy value
Tises as aspect ratio diminishes, and this rise is sharpest
at the smallest values of aspect ratio.

Unit energy for specimens falling in zero percenf shear shows
the same trend with diminishing aspect ratio as specimens failing
in 100% shear, and the same effects of thickness, as is seen in

Table 19. The values of unit energy are lower for zero percent

i
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shear failures than for 100% shear fajlures at aspect ratios

of 8 and greater, but at aspect ratio 4 the two values are

equal within the limits of precisioi'of the tests. Additional
energy data are given in Table 20 for T-2 and T-2R steels. They
follow the same trends noted for T-1 steel but the energy values
at equal thickness and aspect ratio values are smaller than in
T-1 steel.

At the moment when Figure 2% seemed to show that strength
depended on width only, data on unit energy were also plotted
on width as in Figure 26. The result, however, is now different
from that in Figure 2% in that the curves for different thick-
nesses, as plotted on width, are displaced so far from their
positions in Figure 25 as to reverse their order and make it
appeér that the thicker plates have the greater capacity for
absorbing energy. In omdea to bring the curves together, the
necessary adjustment of the absclissa is less drastic than be-
fore, and instead of multiplying aspect ratio by the thick-
ness it is found to be enocugh to multiply it by the square'
root of the thickness, as in Figure 27.

We conclude that the metallurgical gain with respect to
energy absorption in thinner plates is more than offset by the
loss incurred in comparing them with thicker plates at equal
widths rather than by giving the thinner plate & smaller width™

by equating aspect ratios.
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In Figure 26 as in Figure 24, the inequality of unit energy
values at equal aspect ratios is again seen to be reducible by an
gdjustment of the scale of abscissae as in Figure 24. But com-
parison of Fipure 23 with Table 17 shows that when allowance 1s
mzde for the differences in strength as measured in un-notched
bars, the curves for different thicknesses are superposed about

as well as by shifting the scale of abscicssae. In Figure 25 the

]
Y

s mnm Len Ausadkd IS
lerellves 41l GWUuL Ll Li

to explain the inegualities without resorting to the device used
in Figure 27.

As for a numerical check form the actual data, it 1is regretted
that no data on ductility in the un-notched bars were avallable.
It is well known, however, that reduction in area becomes smaller
as thickness increases; since such measurements are subject to
scatter it is as much as could perhaps in any case be said if we
note that energies in equal aspect ratios in the notched specimens
are affected in a like way as thickness increases.

In addition to simple differences inductility, as measured

by reduction in area, there is also the other respect in which

the conditions of simiiitude may not be completely satisfied,
namely, that of similitude in strain patterns. The stage of
deformation at which comparisons are made in Figure 25 is that
of maximum load. On the interesting question as to strain

patterns at this stage, in two specimens differing only in scale
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factor, we have no direct information. Such data might be taken
by making photographic records at a series of stages and on

it scales, of grids ruled on the specimens. Such a
project was considered but its difficulty and cost barred 1t

from the program of work.

This point is worth emphasis by restatement. The conditions
of geometrical similitude in the present tests refer only to the
initial state of the specimens before plasdtic flow has altered
their configurations, whereas the energy values refer to a stage
of deformation |
strains have occurred, even to the point of fracture near the
apex of the notch. These geometrical changes due to plastic
flow afe beyond contrcl and the cuestion as to whether or not
they follow the laws of similitude is one of fact which could
be answered only by observations more detailed than those that
were made during the tests. Close study of surface grids on
different scales after deformation might have served to determine
whether the pattern of deformation in the large specimens could
be derived from that in the small ones by a traisformation like
that of photographic enlargement, as would be the case if simili-
tude continued to be effective throughout the successive stages
of deformation, but this work lay beyond the scope of the actual
project.

For inferences about similitude in deformation patterns we

must therefore rely on indirect evidence. Some such evidence

PSR




drawn from work of other investi

1 from work 1 1V gators has been raoviewed in

in
Reference 13. A study of the detalls of load-elongation curves
15 now being undertaken for the wide plates, somewhat as has
been done by Richard Raring for notched bars in slow bending.(lu)
Even the presence of an inciplent crack may not greatly disturb
the overall strain pattern, and on this matter observed elongaQ
tions may tnrow some light.

e -

Tuus 1f, as there is some reason to believe, a stage exists
at which the crack, though partly developed, has nevertheless
not yet advanced far enough to affedt the broad ocutline of the
strain pattern, then even at this stage the conditions of simili-
tude may be nearly satisfied. The maln question will refer
to the stage at which the deviations from similitude become too
great to be lgnored, and parﬁicularly how far bafore maximum
load this may occur.

We again note that, even in different steels, if stress

atterns at a given

patt 1 stage of deformation share in the condition

of similitude, loads are necessarily in the ratio c¢f the squares
of the scale factor. If strain patterns at a given stage of de=-
formation share in the condition of similitude, overall elongae
tions at that stage are necessarily in the ratio of the first
powers of the scale factor. Gross energies, therefore, must be
in the ratio of the cubes of the scale factor. Temperature,

| N

bein geometrical dimensions, has no effect pre-

ng its

dictable by reference to scale factor.
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Trinsition Temperature

Lvaluations were made as described in Part I ondiagrams like
Figure 28 of which, however, only-the lowest part, relating to
appearance of fracture surface, was found to be needed. Figure
28 is typical of the test results of the entire program except
that in the narrow specimens the energy to maximum load is not
significantly different as between 100% shear and full cleavage
fractures, whereas in greater widths a shift like that which ap-
pears in Figure 28 in total energy may also be seen in energy to
maximur: load, and at approximately the same temperature. This
fact is important, and will bear repetition.

In the higher aspect ratios used in the present tests a loss
of capacity for absorbing energy occurs at about the same tempera-~
ture range as that in wtich the appearance of fracture shifts
from 100% shear to zero percent shear. Energy beyond maximum
load drops off to zero, as in Figure 28; energy up to maximum
load shows a partial reduction; the total energy (as measured 1n.
an irpact test) 1s a simple summation of these two contributions.
If there is a difference between the temperature of energy transi-
tion and that of fracture transition in this case, it is not great
enough to be revealed by the experimental method used.

With respect to the energy to maeximum load, Figure 28 is
typical of narrow specimens. At the temperature at which the
shift occurs in appearance of fracture and in energy beyond

maxirum load, no similar shift occurs in the energy up to maximum

k4
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load. It is possible that tests at lower temperatures a loss

of energy to maximum load would occur. All that can be concluded

from the present data is that in the narrow specimens no loss

of energy to maxinum load occurs in the temperature range iﬁ

which fracture shifts from 100% shear to zero percent shear

and energy beyond maximum load drops to zero. |
Transition temperatures based on appearance of fracture

are given in Table 21 for T-1 steel and in Table 22 for T-2

and T-2R steels, These temperatures are given both as ranges
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Figure 29 is a plot of the single values of the temperature
of transition against aspect ratio, for T-1 steel in four thick-
nesses, At any given aspect ratic, transition temperature 1is
higher in thicker plates, with a single exception. For a given
thickness of plate, the effect of aspect ratio on transition
temperature shows a clearly marked trend toward higher values
atio ris
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Figures 30 is a repetition of Figure 29 with a second para-
meter added, width of the specimen. In order to complete this
dilagram, an extrapoclation of the test results in 3/2 inch thick-
ness was made to widths of % and of 10 inches. Figure 30 shows
that thicker plates have notably higher transition temperatures
than thinner plates, regardless of whether aspect ratio or width

is considered to be constant.
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The question now arises: what part of this increase in
transition temperature with thickness may be due to geometrical
differences and what part to metallurgical differences?

The effects of geometrical differences can be identified
directly in the absence of metallurgical differences; and we
have data of this kind in the variations with width at conéﬁant
thickness. The fact of a moderate rise in transition tempera-
ture with widt

i +d WA ML

h,
recognizable and in accord with other data. But this leaves the
question as to the effect of thickness still open.

Conversely, the effects of metzllurgical differences could
be directly determined only in the absence of geometrical effects;
this condition will be realized in equality of aspect rétios if,
in fact, there is no "size effect".

It was at one moment suspected that dimensional similitude
might not completely eliminate geometrical effects, and the
question was ralsed whether isclation of metallurgical effects.
night not require comparison of the various thicknesses on some
basis other then equality of aspect ratios. The fact is that the
rise in transition temperature with thickness is so great that
no replotting on variablescther than aspect ratio could obscure
1t, and no width effect can offset it. From this we conclude
that the effect of thickness on transition temperature is mainly
or wholly metallurgical, and to assume it to be wholly so is a
close approximation to the truth. While the proof stops just

short of being complete because of uncertainty about strain
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patterns, we may be sure that the present data contain no evidence

adverse to this conclusion.

The facts about offsetting or compensating effects of
matallurgical and of geometrlcal conditions, as they appear in
the present data, may be summerized as follows:

(a) Figures23 and 24 show that metallurgical increase in
notch tensile strength due to a reduction from 3/2 to 1/2 inch
thickness is about the same as the loss of strength due to the
higher aspect ratio in thinner specimens of equal width.

(b) Figures 25 and 26 show that metallurgical increase in
unit energy to maximum losad due to rolling down from 3/2 to 1/2
inch thickness is smaller than the loss due to the higher aspect
ratio in thinner specimens of equal width.

(c) Figure 27 shows that in order to compensate for metal-
lurgical increase in energy value in thinner specimens, width
must be reduced only in the ratio of the square root of thicke

ness rather than in the ratio of the first power of thickness.

2 P T - . < . L]

(d) Figures 29 and 30 show that the metaliurgical reductior

in transition temperature due to rolling down from 3/2 to 1/2

inch thickness is greater than the loss in such improvement due

to the higher aspect ratio in thinner specimens of equal width.
(e} The decrease in transition temperature noted in (d)

is too great to be offset by any geometrical effect of thickness.
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Nu ehonge in scale on the width axis would serve to superpose
the curvesin Figure 29 for the various thicknesses.

(£f) Of the three variables;—strength, energy, and transi-
tion teﬁperaturc, no two show the same relation between offsetting
metallurgical and geometrical effects. No single systematic ad-
Justment of geometrical conditions can harmonize the observed dis-

parities.

CONCLUSIONS - PART 1I

It is concluded that:

(1) Figures 23, 25, and 29, in which the three variables
are plotted against the dimensionless ratio of width to thicke
ness, represent the procedure beet adaptad to aralysis of these
data.

(2) Transition temperature remains unaffected by changes
in scale factor so long assimilitude extends to the deformation
patterns and if metallurglval differences are excluded.

(3) In similar specimens transition temperature is higher
as specimen size increases. Since the geometrical differences
between the specimens are completely descrihed by the difference
in scale factér, the observed differences are an effect of the |
metallurgical changes due to rolling.

() However, in plates of equal thickness (and hence equal

metallurgically) transition temperature rises with width.

L]




(5) Wve prefer to state conclusions (3) and (4) in more

general terms by saying that when aspect ratio is constant,

ferences, but regardiess of thickness, transition temperature

rises with aspect ratio.
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S. T. Carpenter
A STUDY OF PLASTIC DEFORMATION BY STRAIN ENERGY DISTRIBUTION *

INTRODUCTION
Part III is a digest of a former Progress Report(h) which

presented the results of an exploratory study to determine the
energy distribution in notched steel plates stressel in tension.
This study placed its emphasis on obtaining a better insight of
the distribution of pléstic flow through the means of energy
absorption as affected by both geometry and temperature.

The plan of investigation was based upon the determination
of unit-strain energy absorption and its distribution. Whereas
it is generally impracticable to calculate stresses in the plas-
tic strain range, it is possible to calculate strain energy.

The octahedral theory was used in computing unit strain energy
where strain values were received from displacement measurement

made on a surface grid.

SPECIMENS AND PROCEDURES
Specimepns
Three 12" wide x 3/4" thick x 24" long steel plates of fully-
killed "W" steel were used. Figure 31 shows the internally-notched

tensile specimen. The notch is 3" wide and terminates in two holes

*Summarized from investigations of S. l. Liu and S. T. Carpenter,
See reference (4).
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of 0.046" diameter. The basic grid lines were 1/u4' apart, while

1/16" grid lines were used in one specimen to be noted later.

The grid layout was on only one surface of the plate and covered

the area between the gage lines which were 9" apart. The 24"

long specimens were welded to thick and headers. -

The three specimens used, with testing and loading schedules,

viere as follows:

Specimen W-29-L:

Specimen W-29-13:

Specimen W-29-1L;

Tested at 70°F. Grid measurements made after
the loads producing an observable crack at
0.046" dia, hole (277,000 1bs), 295,000 1bs.,
325,000 1bs. and at a maximum load ef 352,700
1bs. Approximately one week intervals between
loadings after initial load.
Tested at 10°F. Grid measurem nts made after
loads producting an observable crack at 0.046"
dia., hole (277,740 1bs.), 295,000 lbs. and at
the fracture load of 325,000 1lbs- Approximately
one week Intervals between loadings after
initial load.

Tested continuously to fracture at a tempera-
ture of 70°F, and grid measured. (1/6" grid
layout in central transverse strip 3" wide).

Physical data to determine the octahedral stress-octahedral

strein functiom were obtained from bars of "W" steel having a

diameter of 0.550".

Procedures

Temperature control and strain gaging procedures on the 9"

gage length were the same as outlined in Part I of this report.

The deformations or displzcements of the grid were measured

in a milling machine accurate to 0.001". Grid measurements were
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m=de before testing to provide a reference system. The point
"O" shown on Figure 31 was the origin of a Cartesian system of
coordinates, where the x, y, and z directions coincide with the

longitudinal transverse, and thickness dimensions of the plate.

Test specimens were removed from the testing machine after each

loading and approximately a week elapsed between unloading and
reloading to allow for grid measurements.
RESULTS AND DISCUSSION
Strain Energy Distribution
Figures 32 and 33 show the unit sStrain energy distribution

at maximum load for one quadrant of specimen W-29-3 tested at 10°F
and specimen W-29-4 tested at 70°F. The values given for each
guadrant are the average of values fournd for all four quadrants.
Figure 34 shows the distribution in all four quadrants at frac-
ture for specimen W-9-14 tested continuously at 70°F. The dis-
tribution of strain energy is shown by means of contours passing
earlier report also presented the strain energy distribution
diagrams for intermediate loads as given in the loading schedule.
Figures 32 and 33 indicate that the primary direction of
propagation of plastic deformation up to maximum load is gen-
erally in the direction of diagonals extending from the end of
the notch to the edge of the plate. A comparison of Figure 33
with Figure 34 illustrates that the primary direction of propa-
gation of plastic deformation after maximum load follows the

direction
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The unit eriergy values in the immediate zone in the
notch and at thke fringes of the fracture line for specimen W-29-1k%
could not be obtained. To do thfé with precision would require
a more accurate grid measuring system and a finer grid. The
maximum unit strain energy computed for specimen W-29-14% was in
the order of 30,000 in-1bs per cu. in. This value is low when
compared with values of 90,000 to 100,200 in-lbs. per cu. in.
which may bte expected at the crack.* |

Several vuluable observaticns may be made based upon a

. . AW Fhe mlgeotin dofAarmotdm mranagntesa 4
study of hiow the 48 511C Qelorravlion propagaics v

s

mediale loadings up to and including maximum load. For this
purpose the 600 in-lb. per cubic inch contour was selected as

the boundary of plastic deformation areas (600 in-lb. per cu. in.
value selected on basis of general yielding as defined by the
uniaxial tests). Figure 35 gives the experimentally determined
areas enclosed by the 600 in-ibs. contours for all feour quadrants
plotted against total observed energy input over tlie 9" gage

lengths. The plot gives values for the specimen W-29- nd

A

3 -

Ca

.

W-29-L. The observations made on the basis of Figure 35 are:

1. The area enclosed by the 600 in-1b. contour aprears
to bear a linerar relation to the cnergy input for c¢ither

specimen.

*Calculations based on theoretical strain energy ~w.ditions for
fracture give a value of 90,000 in-1bs. per cu in. The Univer-
sity of California has reported unit energy values in the order
of 150,000 in—%?s per cu. in. based on hardness surveys of the
fracture zone( .
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2. The volume of metal urdergoing plastic deformation
appears to decrease with decreasing temperature.
Experimental Adjiustments

Specimens W-29-3 and W-29-4 were unloaded at various loads,

the o
viiv B

rids measured and the s
machine for reloading. This procedure necescsitated that adjust-
rents be made fo the calcvlated strain energy based on the grid
anilysis. The calculated total strain energy was less than the
actual energy input due to the fact that the measured surface
strains for the unloaded specimen were less than those for the
loaded specimen by the amount of elastic recovery. This adjust-
erergy an amount of energy dstermined from the observed load-
deformation curve for the specimen.

The two effects of strain-aging, which occurred in the in-
terim during grid measurements, were an increase in strength,
and a decrease in ductility. A direct comparison between the
total strain energy computed from grid measurements for specimens
W-29-3 and W-29-k and the total energy input determined by their
load~elongation diagrams was impossible due to these effects.

To provide a basis of comparison it was necessary to determine

-

the load-elongation diagram of two additional specimens loaded
continuously and tested at temperatures equivalent to the speci-
mens under discussion. It was assumed that the energy obtained

at equal deformations for the strain-aged specimens and the
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unaffected specimens were comparable. The reason for taking
equal elongations for compariscn is that for the same amount
of elongation, the values of local strains produced within

the gage lines should be the same, no matter whether the speci-

mo
P B

e
[
n

s strain-aged or not.
Figure 36 indicates the degree of correlation between the
total energy computed from surface strains by the octahedral
theory and the actual total energy input. The assumptions and
adjustments previously discussed have been incorporated. The
close correlation noted indicates that the assumptions and ad-
Justments are substantially correct.
Correlation with Specimens of Varyineg Width and Constapt

Thicknecs

It zppears that the total energy absorption of indiwvidual

plates of varioss width, but of the same thickness (3/4"), can
be predicted by using the energy distribution found in the 12"
wide specimens. This 1s a possibility since it is believed that
the energy at the notch and initial crack is the same regardless

of width of specimen where fallure occurs in the shear mode.

‘Also at the end.of an advancing crack, the natural notch acuity

is essentially the same regardless of the width of the specimen.

The first step in examing this point of view consisted in

i
£

of various widthsupon the contour pattern for specimen W-29
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shown in Figure 33. The superimposed guadrant of a plate of
given width had a width equal to one-~half of the actual width
of the plate, and a length equal to one-half the gage length
where the gage length was three-fourths of the width of the
specimen, as 1n the 12" specimen. In superimposing this guadrant
upon Figure 33 the ends of the notches were made coincident with
the notch of the 12¢ wide plate as shown in Figure 37. The
superimposed plates had aspect ratios varying from 1 to 13.3.
The plates so superimposed were compared by computing the
average unit energy (in—lﬂs per cu. in) within the "gross
gage volume" for maximum lcad by making use of the unit energy
contours of specimen W-29-% falling within the boundaries of the
superimposed Specimens. The average unit energy so computed is
termed (u'). These derived values are plotted in Figure 38.
Independently of the foregoing procedure, the average unit
energy (u} at maximum load for individual 3/4" thick ductile
specimens of 3, 6, and 12" width were determined experimentally.

These values of (u) are also shown in Figure 38 along with values

...... [

of (u) for

<
(1]
el
[N
e
ok
[+

final report(é) of the Unlversity of Illinois for "Dn" steel,
which 1s somewhat similar to "W" steel. The dotted extension
of the (u) curve must be considered as tentative and only in-
dicative that 12" wide specimens may be useful in predicting the

averaging unit energy for wider plates.
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The 2ifferences between the (u') curve and (u) curve of
Figure 38 may be attributed to strain aging. The (u) curve
was determined from specimens cohiinuously tested. This 1s
largely confirred by adjusting the experimental value of (u)
for an aspect ratio of 16 to a value comparable to (u') by
the medthods previously described. It was found that the ad-
justed value of (u), plotted as a hollow square in Figure 38,
checked the (u‘) value obtained for W-29-4 in the presence of
strain aging. This indicates a good possibility that the two
curves (u) and (u') would coincide in the absence of strain _
aging.

These apparent correlations strongly suggest that the
strain energy distribution of a single srecimern of proper
width and a given thickness may be used to predict the energy

absorption of individual plates of varying width.

CUNCLUSIONS - PART IIL

1. By use of the octahedral stress-strain function, energy
distributions were plotted and typical patterns of plastic flow
obtained. _

2. —Study of patterns of strain distribution is believed to -
be the key to successful prediction of service behavior from

laboratory tests.
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Steel (2%
Code

4 26
Bn .18
Br .18
c .24
Pn .19
E 20
W <20
5-9 .21
5-12 «20
3-22 21

* Aluminum

Eid "

Steel

Br
Dn
5-9

8-12
5-22

Code

A

75

added

11

Pl

TABLE ]

CHEMICAL COYPOSTTION

.C20
-010
»020

030
012 020

in L-die

" Ladle

Sif A1

1,01
.23
.07

L7
.29 006

and in Yeld

only

TABLE 2

Nig

.15
.10
.07

.03

PHYSICAL PROPERTIES

Cu%

:

.12
.16
.02

.05

Unnotched bars - Swarthmore Tests

A.S.T.M. Standard Specimens

Yield Stress
p.s.i,

31,400
32,100
32,200
375400
345,300

33,200
37,230

F A

32,600
3L,T00
35,000

Type Steel

semi~-killed

semi-kiiled
normal ized

semi-killed

fully-killed

normzlized

Crz Yo% NZ
L0300 006 00
.03 006 006
03 006 005
.03 .005 ,009%
Az 021 006
09 018 .005
L7 .01 005
05 004 004
0L 01 004
L4 0 004,
Ultimate
Tensile Strenagth
p.5.1,
59,500
59,300
57,700
67,800
61,300
59,200
62,550
57,900
64,100
63,800

rimmed
fully-kiiled
semi-killed

semi-kjlled
fine grained*

semi-killed
coarse grainedit

weroLr
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TABLE
flg 1 s;gg !
TESTS OF SPECIMENS " WIDE " ICK Wl STAYDARD KOTCH
(The notch 1s 3" wide and has at its extremities a cut 1/8" long and 0,010" wide made with a jeweler's hack-saw)
Visible Crack Max, Load Failure
Temperature Energy load Energy Load _ Energy Load Type of Failure

Spec. No. oF in-1bs, 1bs, in-1bs. 1ba. in=lbs. lbs, £ Shear
A=18-13 . 3 6,500 247,500 13,800 248,500 13,800 248,500 4]
A=19-11 ki 1,100 290,000 29,300 283,000 29,300 283,000 0
Ael9-2 38 5,300 240,500 22,800 265,400 22,800 255,400 ¢}
A=19-3 8 6,400 245,000 £1.,600 312,50 61,600 312,500 10
A-18-5% L0 4,200 243,000 23,900 270,300 21,900 270,300 0
A13-1 L2 14,000 230,000 95,900 a2 ,600 234,500 60,000 100
h=15-8 L3 2,800 230,000 22,400 265,500 22,400 265,500 o
A1 Qmly L6 1,100 230,000 24, L00 256,000 25,100 256,000 ]
A=19=12 b 1,200 230,000 1n7,300 328,000 249,200 131,000 100
A-18-17 L8 10,300 235,500 43,100 283,000 53,100 283,000 0
A=18~15 50 11,260 2L ,000 100,900 19,500 250,900 80,000 100
A=18-5 51 7,800 241,500 91,500 322,000 23,300 £7,000 100
M1B=1i; 52 4,000 234,500 20,700 265,000 20,700 265,000 0]
A=18=20 58 8,500 250,000 31,000 2744000 11,200 274,000 4]
A=18-7 58 14,100 250,000 92,400 9,500 233,900 68,000% 100
A=13-16 58 £,300 235,000 100,500 319,000 250,600 72,000% 100
A=188 5% 1,700 243,700 - 91,100 318,000 232,)00 52 ,000% 100
A=18-11 66 18,700 253,000 104,600 315,000 229,400 58,000 100
b-12~-13 66 12,300 253,000 92,800 314,300 234,000 50,000 100
A-18-12 71 17,100 250,000 86,400 314,400 247,100 95,000 100
A-18-18 gat 16,600 250,000 104,300 317,000 263,70 15,000 100
A=18-4, 7 10,100 243,000 84,700 312,500 232,700 76,500 100
h-18-1% 82 10,900 237,600 99,700 314,000 274,000 90,000 100
A-18-1 es 12,600 238,000 82,400 312,200 237 y 500 50,000 100
A~)8~G ag 11,300 240,000 98,100 314,500 255,600 50,000 100
A=18-10 97 15,300 248,500 93,000 314,000 230,200 %0,000 100
A=18=2 97 12,400 238,000 92,600 311,500 263,700 50,000 100

# Indieates that this was not the load at fracture, but is given a2z the last load immediately preaceding fractura.

TABLE &
"B n Steel

TESTS OF SPECIMENS 12" WIDE, 3/M4" THICK WITH STANDARD NOTCH

{The notch 45 3" wide and hos at its extrexities s out 1/8" long and 0,010" wide mafde with a jeweler's hack-saw)

Tisible Crack First Maxizam Seoond Hax. Fullure Type of

Terp. Emergy Irad Emarey Load Enerey Load Enargy Load Fellure

Spec . OF | fplbsy e,  ipdhe. e,  inlbe, _lpa. gy, Ds.  £Sher
Br21-7 8.9 4,700 238,000 41,500 272,000 - - 41,500 272,000 0
By=2lel  =L2 7,700 240,000 .00 270,800 - - ®.900 270,800 0
By-21-8 L2 6,300 242,000 41,300 233,400 44,500 279,400 44,500 279,400 1
B2l 9.1 6,400 238,700 59,700 298,700 < - 9,700 290,000 3
By-21-9 9.2 7,700 240,500 53,900  £89,300 - - 53,900 289,300 s
BUZLe. 100 40 e 1men a0 - - o000 5000 200
X . . . , - - 309,100 50,000 100
Bye2lelt 10,0 4,600 245,400 49,200 29,500 51,000 288,000 57,000 266000 2
gﬁl-m 18,8 5,300 236,300 70,200 309,000 - - 70,200 309,000 s

1.3 19.8 6,500 23,800 125.600 321 800 - 266,700 199,000
Dyefled  23.8 3,300 227,500 56,300 293,400 - - 56,100 299::?» %
Bral-ll 245 5,40 234,000 60,600 284,700 - - 60,600  29¢.,700 3
By-21-15 25,3 5,900 230,800  29.800 263,500 - - 29,800 263,500 1
Bp2l12 29,4 6,400 234,500 121,500 318,900 - - 293,500 25,000 100
Bye2ll7 26,8 5,700  234,90¢ 120,000  E17.700 - - 290,400  §0,000 100
Bye2lel6  29.9 4,700 237,600 115,200 320,400 - - 295,600 22,000 100
By2l-20 30,2 4,50 235,500 115,000 24,800 - - 29,000 40,000 100
Bp2le19 4.3 5,400 229,800 123,500 316,000 - - 287,200 30,

By-21-5 75,8 3,800 R222.500 115,000 . 2 "0 100
' . . 310,000 - - 292,500 41,000 100

T

TR Y
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"Bp" Steel

TESTS OF SPECIMENS 12" WIDE, 3/2" THICK WITH STANDARD NOTCH

{The noteh is 5 wide and hes at its extremities a cut 1/0" long and 0.010" wids mads with a jewelsr's hack-saw)

Visibls Creck Max. Ioad Failure
Tampe ra ture Erergy Load Eoergy lozd Eoergy Iead Type of Failure
Spec. o, °F in~1bs, lba, Ap=lba, lbs. inelbs, 1bs. & Shear
Bp22-18 ~12.7 3,99 234,200 T6,73  283,00¢ 36,700 291,000 1
Bp~22-8 10,73 §,700 249,300 $1,500 283,500 31,500  28(,000 ]
BpE2ed 1.9 9,900 245,000 46,700 296,300 46,800 295,000 2
Bp=22-11 240 4,800 240,800 2,680 332,500 92,500 328,000 6
Bg-22-17 2.8 1,600 224,800 36,000 290,000 36,000 290,000 1
By-22-10 1.6 12,100 240,500 143,300 340,100 335,100 74,500 100
Dp=22~5 11,9 7,80C 243,300 136,500 346,500 286,B00 210,000 59
Bgr22e? 12,1 10,500 239,500 34,300 279,500 34,300 279,500 0
B=2am12 3.0 5,200 232,200 134,000 329,700 310,900 32,000 100
DBpm22a? 13.6 6,300 237,300 30,000 280,500 30,000 280,500 1
Bp=23-20 19,3 3,400 230,000 120,000  325,60C 295,100 78,000 100
Bg-22-1¢ 1%.6 3,500  23(,000 120,000 329,300 306,500 40,000 100
BRe2i~4 20.3 2,700 230,000 120,700 329,500 315,500 45,000 100
B2 =3 3C.C 1,000 224,500 125,200 329,500 316,300 35,000 . 100
Bpe22=1 41.5 7,400 230,700 132,900 337,300 330,400 25,000 100
Bp=22~6 68,8 6,500 228,500 180,200 327,000 350,800 30,000 100
IABLE &
llcll S;ﬁg]

TESTS OF SPECINLNS 12" WIRE, 3/4" THICK ¥ITh STANDARD NGTCH
(The noteh is 3" wide and has at its extresities a cut 1/8" long and 0.010" wide made with a jeweler's hack-saw)

Visible Crack Max, Load Failure .
Temp~rature Energy Load Energy Load Energy Load Type of Failure
Spec. Mo. SF ia-lbs. lbs, in-1bs, ibs, in-1bs, 1bs, % Shear
C=24=7 63 1,700 256,300 18,600 287,500 15,600 287,500 0
C-24-~13 % 15,100 273,000 32,600 281,000 32,600 252,000 0
C=24-14 73 15,100 275,000 29,200 716,000 29,200 316,00 ¢
£-24-17 73 L0,L00 286,000 43,400 286,000 140,100 72,500 65
C-24-5 ™ 2,000 227,700 42,000 291,700 151,400 60,000 39
C-25-13 78 12,100 267,500 40,500 295,000 50, 500 295,000 0
Cm24-8 81 4,300 261,500 97,600 308,300 114,600 298,000 15
£-24-20 az 15,700 276,000 42,800 291,200 57,100 236,800 0
{216 as 4,500 55,500 55,200 316,700 137,100 147,000 LO
C-24-15 83 15,900 75500 49,700 293,000 L5,700 293,000 0
C=24=13 89 33,400 292,000 320500 292,000 45,200 275,700 c
C-24-10 96 22,500 287,500 67,700 311,500 L7, 00 54,000 58
Cmlem2 97 1,900 248,500 87,300 002,500 205,300 17,000 71
C-24-9 107 15,500 271,000 91,200 321,500 272,800 75,000 €9
C-24-1 108 3,900 249,000 128,900 370,000 268,900 216,400 63
CaZlbm3 116 5,800 254,500 130,600 360,000 238,300 50,000 120
C-24-11 116 30,100 300,000 117,000 371,500 329,200 60,000 100
C=24=b iz 10,100 262,500 104,200 %9%,000 299,400 80,000 100
C~24=12 124 £,500 250,000 95,300 344,200 235,700 59,000 92

C-2i~16 130 14,200 275,000 91,300 374,000 291,200 100,000 100
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TABLE 9

Code 5-9 (A.5.T.M. Steel)

Tes ec s 1 " i
The noteh is 3" wide and has at i4s extmnit.ic.'-i a ot 1/8" deep made with a 010" Jewsler's hacksaw
Spec. Deg. To Visible Grack To Maximum Load To Failure Fhergy b4
No. F Energy E Load Energy Laad Enorgy B, Load Es = Ep Shear
in Jdbs 1ba. in lba, 1ba. in, 1be 1bs., in 1ba,
11 92 13,600 229,600 118,200 324,600 310,100 20,000 191,900 100
16 T4 9,800 229,600 105,800 276,000 256,500 19,500 150,700 75
10 70 12,000 231,800 151,800 338,500 im,ioe 30,000 159,300 100
12 60 12,000 233,000 130,900 336,500 333,600 51,000 202,700 100
18 &0 11,500 229,000 54,200 295,600 54,200 295,600 0 o
1 50 124500 236,000 121,400 334,000 309,000 70,000 187,600 100
& 50 9,500 227,500 125,600  3%,300 325,000 49,000 200,000 100
7 LS 9,100 234,000 43,000 287,000 43,000 287,000 o T
3 L0 11,000 236,800 41,200 288,800 41,200 288,800 0
TABLE 10
Code 59 {(A.S5.T.M. Steel)
Test specimens 12" wide x 3/4" thick, with standard ngtch
The noteh is 3 wide and has at its extremities a cut 1/8" deep made with a ,010" Jeweler's hacksaw
To Viaible Crack To Kaximum Load To Failure Energy £
Spec. Deg, Energy E Load Energy Eq Load Energy Ep Load Ey -F Shear
No. F in.lbs 1bs, in.lbs 1bs. in.lbs. lba. in.lbs,
1 78 10,000 250,000 114,000 356,000 294,000 45,000 180,000 100
8 LO 8,000 258,200 110,000 363,000 290,000 55,000 180,000 100
15 0 5,000 235,500 128,000 366,400 300,000 77,000 172,000 100
3 20 10,000 254,400 111,000 365,800 286,500 150,000 175,500 70
12 15 ) 4,000 248,000 102,000 366,700 296,000 45,000 194,000 106
2 9 7,000 253,000 97,000 366,500 97,000 366,500 0 10
7 7 7,000 267,000 39,000 326,000 39,000 326,000 0 0
9 0 6,300 243,000 112,000 371,000 214,000 320,000 102,000 30
10 0 2,500 250,000 98,500 378,000 98,500 378,000 ° 5
s =10 . 9,000 268,500 108,000 375,000 220,000 305,000 112,000 0
1 =20 5,000 259,000 90,200 375,600 90,200 375,600 0 8
14 =30 7,200 263,500 86,500 376,300 86,900 376,300 s} g




Code $=22 (Coarse grain)
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TABLE 11

Test specimens 12" wide x 3/4" thici, with standard notch

The notch is 3" wide and has at its extremities a cut 1/8" deep made with a ,010" Jeweler’s hacksaw

Spec.

Deg.

To Visible Crack

To Maximum Load

To Fallure

No. F Enerpy F Load Energy E;  Load Encrgy B, Load ;:':g%l shear
in.1bs. 1bs. In.lbs. lbs. in Jbs, 1bs, in lbs,

3 70 5,600 247,800 127,500 T75,000 330,000 53,000 202,100 100
B 60 2,500 234,000 104,800 376,500 334,000 40,000 229,200 . 190
10 60 7,500 253,500 130,500 5,900 212,000 320,000 £1,500 35
9 5, 7,500 261,000 35,000 312,000 210,000 312,000 175,000 22
7 s 5,100 252,200 35,600 330,000 35,600 330,000 0 0
1 KO 5,300 242,500 13,800 332,000 43,800 332,000 4] 0
15 20 12,700 265,000 29,000 308,500 29,000 308,500 0 5
TABLE 172
"N" Steel

TESTS OF SFECTMENS 127 WIDE, 3/4L" THICK WITH STANDARD NOTCH

fThe noteh is 3" wide and has at ite extremities a cut 1/B" long and 0.010" wide made with a jeweler's hack saw)

Visible Crack

Temperature Frnerpy E Load

Spec. No. Op in-1bs, 1bs,
®-32-11 21 4,000 257,800
W-32-12 3% 3,500 253,060
R-22-9 43 5,300 250,800
W-32-10 L5 B,700 256,000
¥-132-15 50 5,000 257,600
n-i2-8 5L 4,500 257,000
n-32-2 66 not obtained
Yi-32-6 66 3,500 228,300
W-33-16 71 25,100 276,500
W=32-17 76 15,700 260,000
W=32-1 821 not obtained
w-32-7 el 8,000 250,000

Max, Leoad Failure
Energy E;  Load Energy Eo load Type of Failure
in-lbs, lbe, in-1bs, lbs, % Shear
43,000 369,300 48,000 309,300 ¢
67,500 346,000 71,000 340,600 22
L0 306,000 LG,000 306,000 0
120,000 345,700 155,000 330,000 kY
125,500 345,500 300,200 22,000 100
107,500 346,800 292,300 30,500 193¢
33,000 335,000 253,000 150,000 100
142,620 340,700 nct ebtained 100
129,720 332,500 317,000 126,000 100
109,700 310,000 244,800 61,000 100
102,700 545,000 263,600 71,500 100
110,000 342,100 232,500 55,000 106 -
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TABLE 13
Comparisons of Maximum ILoads for Shear and Cleavage Fracture

(Net area before test, 6.75 inz.)

Column 1 Column 2 Ratio of
Steel Average Max. Load in Average Max. Load in Column 1 to
Code lbs. specimens failing lbs. specimens failing Column 2
A in 0% shear
A 317,000 268,000 1.18
Br 333,000 288 000 1.16
Bn 319 000 286 000 1.11
C 3u8 000 29h 000 1.18
Dn 346 000 311,000 1.11
E 318 000 2oh , 000 1.20
W 338 000 307, 600 1.10
S=9 337,200 290,500 1.16
S5~12 362,000 326,000 1.1 -
S-22 375 800 331,000 1.13
TABLE 14
Comparison of Energy Abgorbed to Maximum load for Shear and Cleavage
Fractures
Column I Column 2
Steel Average Energy Average Energy Ratio of
Code Specimens Failing Specimens Failing Column 1 to
in 100% Shear in.lbs. in 0% Shear in.ibs. Column 2
A 99,700 25,500 3.75
Br 131,000 34,300 3.30
Bn 122,000 47,5800 2.56
C 105 000 38, HOO 2.74%
Dn 128 000 49 200 2.60
E 99, 800 32, OOO 3.12
W 127, ,600 hh 000 2.90
S-9 129,500 hé 100 2.31
S-12 113,500
S-22 115, 500 39,700 2.92

'* (No speclimens tested gxhibited 0% shear)
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TABIE 1

SULLLRY of TRANSITICH TELPERATURES 12" wide PLATES

(Degrees Fahrenheit)

12" Vlide Tests

STARTHYXORE DATA
Single Value of Univer~ Univer- [ Transition
" 0 Potnt Trgnsnion Surve | 11anatsls) | eryror | Newr 1en
gto;:l Basezrzgslli‘;:32yTeg;e§azieAppear- Base}cilﬁiin g.nsrgy angj.-;ed on Appear- " niahg Teg(gs_ar
to max, load ance of Fractire to max, load ance of Fracture
A 50° to 60C 500 to 60° 420 AL —_— 25° 700
Br 10° to 20° 10° to 20° 9% 11° —_— 50 60°
Bn 25° to 30° 25° to 30° 269 27° — 15°
c 9% to 105° 110° to 125° 959 94° 90° 135°
In 20° to 25° 20° to 25° 189 19° 0° to 30° | — 70° |
E 90 ta 1050 900 to 105¢ 850 T70 80%0 1200 | o uee
v wo to 50° L0° to 500 . L0 46O —_— —_— &0°
5-9 509 to 60° 50% to 75° L8° 58° —_ -_— 80°
5-12 indefinite 10° to 3V 2007 130 _ —_— LO°
522 | 50° to 60° 50° to 60° 57 57° —_ — 100°
TAZLE 16
Steel Mn/A ratio Crder of low to Order of high to low
Code High ¥n/ relio of Trans, Temp, based
o5 r'~npe
A 1,92 2 7
Br 4.16 10 10
En L.05 9 6
c 2.0 2 1
Dn 2.8 6 8
E 1.68 1 2
i 2.8 A 5
5-9 2,78 5 4
512 3,50 9
8-22 3.50 (7,2) 3

i




Steel Code

T-1

TABLE 17

Physical Properties

Unnotched Bars
ASTM Standard

Plate Thickness {ield Stress
psi
1l/2m 41,000
3/4n 25,800
i 37,200
1-1/2" 36,400
3/4n 39,600
1" 40,000
1-1/2" 33,800
3/40 39,200

TABLE 18

Aspect Ratios Tested

Thickness

Aspect Ratios

1/2"
3/hu
in
l-1/2m
3/4"
v
1-1/2"
3/4

L
"\.'“‘“\.

OO OW

Ultimate Stress

psi

67,200
63,200
71,000
60,000
67 ;000
67,000
6k, 500"
67,000

s e, s s 1 -




TABLE 19
T-1 STEEL

Summary of Unit Energy* and Average Unit Stress at Maximum load

Values Based on Gross Gage Volume and Net Area

and the average for all specimens exhibiting either 100% or 0% shear failures .
Thickness Percent AR 4 AR 6 AR 8 AR 12 AR 16 AR 19
of Shear u psi u psi u psi u psi u psi u psi
1/2" 1008 4,480 71,000 2,610 63,050 . 1,870 58,100 1,700 54,730
0f 4,520 71,900 2,400 63,570 1,220 56,300 910 52’9“085’
34 108 3,720 67,940 2,460 59,940 1,820 57,000 1,610 55,080 '
0% 3,810 69,230 2,000 59,530 1,420 56,460 1,350 53,620
1n 100% 3,090 61,720 2,30 55,420 1,860 52,550
0% 3,190 62,680 1,900 57,160 1,245 52,680
11/2 100% 2,800 59,130 2,250 56,300

0% 2,540 60,200 ' 1,960 56,780

* u, unit energy in inch-lbs. per cubie inch




TABLE 20
T-2 and T-2R STEFLS

Sumary of Unit Ehergy*(and Average Unit Stress at Maximum Load

Values Based on Gross Gage Volume and Net Area

and the averages of all specimens exhibiting either 100% or 0% shear failures

Thickness Percent AR 4 AR 6 AR 8 AR 12 AR 16 AR X0
of Shear u psi u psi u pai u: psi w  psi u_ psi
T-2 Steel
/4t 100% 3,350 66,820 2,160 60,770 1,600 57,600 1,530 55,360 o
0% 2,870 68,150 1,410 59,000 1,090 56,900 890 54,200 '
1 100% 2,160 63,130 1,970 60,200 1,770 56,500 1,460 54,500
0% 2,750 63,830 —_ -_ 1,660 59,000 970 54,890
11/2" 100% 2,270 59,770 1,920 58,000
0% 2,270 61,250 1,570 57,530
T-2R Steel .
3/4" 1008 2,970 63,60 2,750 61,360 1,550 55,000 1,340 53,800

T0 52,800 —

* u, unit energy in inch-lbs. per cubic inch.

i

—hg-



Trensition Temperature Range °F

~85~

TAMIE 21

TRANSITION TEMPERATURES

I-1 STERL

Single Point

Plate Aspect Based on appearance Transition Temp.°F
Thickness Ratio of fracture as based on appearance
defined by € of shear as defined by % of
shear
1/2" L ~20 to zero =10
8 =10 to zero =10
16 +10 to 20 -2
19 -10 to zero -8
3/4n L =20 to zero =23
8 zero to +10 zero
12 zero to +10 +5 ‘
;
16 +30 to 40 +15 , T}
1# 4 +10 to +20 +13
8 +10 to +20 +13 F
12 +0 to +i0 +28 t
11/2" A +50 to 60 +4, »‘
6 50 to 60 +50
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TABLE 22

TRANSITICON TEMPERATURES

T-2 ahd T-2R STEELS

Transition Temperature Range °F Single Point

Plate Aspect Based on appearance Transition Temp. OF
Thickness Ratio of fracture as based on appearance
defined by £ of shear as defined by ¢ of
shear
T-2 Steel
3/4" L =20 to -10 17
g 10 to - 5 -8
12 =10 to zero -5
16 +10 to +20 + 2
1 L =10 to zero -7
6 +10 to +20 +10
8 +30 to +40 +33
12 zero to +20 +13
11/2n L +30 to +40 +30
) +60 to +75 +68
T-2R Steel
3/ I | (Insuifficient Data)

(Insufficient Dat a)
16 +140 to +50 +38
20 +35 to +50 +38



