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Ab ct

The results of a study of the flow and fracture strengths of the
project steels are considered in this report, It appears that the
flow=- and fracture- strength concept of failure proposed by Ludwik
(15) is not adequate to account for the results obtained,

The flow properties of the steels have been studied as a func=
tion of temperature and prestrain, The test results have been found

to be adequately deseribed by the expression

& . O;CS“'

in which (5‘ and 55 are respectively true stress and natural strain,
while J;) and n are constants. 5 o has been found to vary regu-
larly with temperature while n has been found to undergo a transition
for most of the steels at sufficiently low temperatures, Both cy;
and n appear to have fundamental significance and should ultimately

be correlated in some manner with the engineering properties of the

stesls,
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PLATE FRACTURE TESTS1
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ANALYSIS OF TRUE-STRESS TRUE-STRAIN DATA (F PROJECT STEELS,

In the initisl organization of the project on which this is a partial
report, an examination of the fundemental aspects of flow #nd fracture in
ship plate steel was anticlpated. The first report on this phase of the
problem was récently submitted as a Progress Report {1). The present
report is concerned with those data obtéined for static tension tests afl

various temperatures,

 INTRCDUCTION

Struétural steels in the norma) tensile test aré materials possessing
very high duetility. It has been generally aécepte& uﬁtil‘receﬁtly that
the measure of ductility in the tensile test yields a satisféctory guanti-
tative index of the ductility df the metal £6 be expected in structures. The
shortecomings of tils test have been positively revealed and much work has been
expended in thé development and examination of suitable specifications testis
in its place, {2 to 14).

The testing procedures which héve been advenced to supplant the tene
sion test are throvghout tests on notched bars, thus bars in which the
stress system leading to failure is highly complex as compared to that
obtaining in the fension tesf. The complexity of the stress system need
not in itself offer“insuperable problems if this stress system were
known, but, in general, it is not known, so that from & fundamental point

of view the experimental results obtained with these tests must await
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quantitative trebiment.

The problem underlying this research ctems from the fact that steel
can fail by both eleavage and shear mechanisms. When a structure fails by
& cleavage mechanism, the energy required to propagate the failure is
contained in the structure as elastic enrergy, The crack once started
propagates rapidly and is hishly destructive., The transition from one
type of_failure to the other is dependent on many factors of which,for
a steel of a giyen metallurgical structure,the three most important
are section size, teﬁperature and strain rate.

In'the‘tensile tes% this transition from one type failure to the
other is not usually obtéiﬁed because of experimental difficulties.

Hower, at sufficiently low tecting temperatures {in the temperature
range of liquid air) it is possible to ohtain such a transition. Due
to experimentzl circumstances it is possible to modify this transition
temperature until for suitable section size and notch acuity the tran-
sition temperature may be =levated to rocm temperature or zbove,

Attempts have been made to explain the transition phenomenon in
steels by the use of two strength properties known »s flow and fracture
strengths, (15). These two strength properties are assumed to depend in
different ways on the testing conditions as indicated in Fig. 1 for strain
and temperature, By a variation in strain the flow and fracture curves are
clevated but at different rates which depend on the temperature of test-
ing. As a consequence, in the case indicated, the specimen tested at
the lower temperature fractures at the lower strain value and there is
an evident reduction in the duetility of the test material, Hollomon

and Zener (16) have discussed this point at considersble length while
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excellent reviews of pertinent data and analyses of the concept have been

prosented by Hollomon (17), Gensamer, et al (18) (19) and by Siegel and
Brick (20).

It will be noted that the stregse~strain diagrams presented in Fig.
1 are not the usual normal type of stress=strain diagrams. Rather they are
diagrams in which true stress and natural strain are plotted, This man=~
ner of plotting is adventageous in'that it reveals the rate of change 9?
strain with stress, nnd passes into g form thet can readily bte handled‘
by analytieal methods. This treatment of the data does not, however,
predict the strain at failure., The mathematical expressions psed‘in
conjunction with the true stress = natural strain relationships are pre-
sented in 4ippendix B. It is sufficient to point out that the relation=
ship which is used here is ¢ : d:.J‘h s a generalized parabola, in
which 5, and n are constants. (3, is the stress at a strain of 1 and
n is the strain hardening exponen£. n = d’ at the maximum.lqad and
thus indicates the strain at which instability is to be expected. Thus
it is a measure of general ductility osnd has been indicated as increas=
iﬁg for steels to the lowest temperatures at which it could be evaluated,
(21) (22) as interpreted by Siegel snd Brick (20). The above egquation
has certain shortcomings, but at present it appears to be a suitable
analytical relationship whereby the flow properties of a metal may be
considered, 4 major shortcoming in this approach is that no indicaticn
is given of the fracéture point.

The céncept of flow strength is fairly obvious, The concept of
fracture strength, however, is not., This latter point may be further

complicated by the existence of itwo types of fracture. There 1s not
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general agrecment that two kinds of fracture exist (15) (17) (23) de=

spite the fact that for shear failure, energy abscrption is invariably
high, while for cleavage failure it may be entirely neglipgible, 4 con~
fusing item, further, is the occasion .of high ductility accompanying
cleavage fracture, (10} (24). Parker, et al., (25) and Davidenkov (26)
and Freedman (27) support the argument for two types of fracture, Parker,
et.al., arguing from the crystallography of the two types of failure, while
Davidenkov (26} end Frecdman (27) argue from the point of view of normal and
shear stress failures vhich in turn may be interpreted in terms of
erystallography. On this question it is generally maintained that clehve
.age failure tokes place on the (100) planes of ferrite while shesr
failure demands the operation of slip systems, and, thus it is contended,
ultimately failure on slip planes. Probably it is not possibie to prove
this contention unequivocally for the  shear failure.

In the following pages the experimentation which has been conducted
on the tension test to reveal the cffects of temperature, strain aging
and notch severity on the flow properties and transition temperatures

of certain project steels is reported. Data concerning fracture strengths,

centration are also reviewed,
A series of binary ferrite alloys containing Ni, €r, Co, Mo, Si and
Mn were studied by means of a modified slow=bend test and a non-standard
impact test. These results are reported in Appendix 4.
The staff which has contributed to this work is as follows:
John R. Low, Jr. Technical Representative
M. Gengsmer Technical Advisor

E, P, Klier Investigator
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Selma Krause Drafting
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Hs Colyer Technical Labor
Stecls

Steels 4, Br, Bn, C, Dr, Dn, E, H, and ¥ have been studied in some
measure, The mill data and complete chemlstry of these steels have

been given previously (2). Abridged analyses'afe given in Table I.

TESTING PROCEDURE

Tensile specimens unless otherwise specified have been loasded in
the rolling direction, -The dimensions of these specimens are given in
Fig. 2¢

The specimens tested at other than room temperature were tested in
a liquid bath. Water was used for testing in the neighborhood of #50°C
(1229F); dry ice and acetone at -70% (—94°F); isopentane cooled by
liguid nitrogen at -1,5% (-229°F); and 1liquid air at =188°C (~310°F),
The testing set-up is presented in Fig, 3.. The liquid container is
diagrammed in Fig, 4 for the test at <145°C (=229°F), TFor tests at the
other temperatures the inse;{ into which the liquid nitrogen was poured
to obtain this temperature was removed. The specimen was held at tempw=

erature for 10 minutes before testing.
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For notched bar testing the specimen was inserted in the grips and
cooled and held for 10 minutes, The load to fracture was then applied.
Diameter measurements of the test section were obtained before and after
testing.

When loed-strain measurements required for the construction of true
stress-true strain curves were made, the test was conducted at a cone
stant cross head movement of 0,01 inches per minute, This produced an
appreciable variation in the strain rate once the maximum load was pass=
ed, but since stress-strain data after this point are not used, except
for the fracture strain, it was not nccessary to adjust the test pro=
cedure for this variation in strain rate.

The strain measurements at room temperature were obtained with
pointed micrometers as well as with the strain gage used ot the other
temperatures. This strein gage is shown in Fig, 5. 4n engineering
drawing of the gage is preSénted in Fig. 6. The construction presented
was.fbund most suitable for the elimination of thermal effects in the
sclssors section of the gape, The circulating water maintained this
section at a near constant value so that diameter measurements could
be made on the bar irrespectively of the thermal gradient in the immersed
portion of the gage.

The minimum diameter of the test bar was found by systematie hunt~

ing. Weer of the guides was checked periodicelly and conpensations were

made accordingly,
REPRESENTATION OF TEST DATA

The true stress-true strain curves for all of the tests where ob=-
tained have been presented, The mumerical data resulting from the an=

alytical treatment of these data have been tabulated and are also plotted.
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?he remaining data have been prssented in the form of graphs, when appropriate,
and have been tabulated, while certain photographs and photomicrographs are

included. Some vse is made of idealized curves for the purposes of discussion.

THE SCOPE OF THE T
ot iolppas

= =t ¥ Y

- o

The tests which have been conducted are Qs'foilowsa

1. The fracture strength Qf,gpee;iE”gt:§188°C (310°F) for several states
of triaxial tension was determined, The different stress systems were obtained
using notched bars,

2. The fracture strengths of the project steels were obtained for a mildly
notched bar,

3. A series of tests was run to determine the effect of pre-strain at
25%¢ (77°F) on the fracture strength at -188°C (~310°F) for the project: steels.
Le Tosts were run on Steel C to determine the effect of prestrain at

-70° (-94°F) on the fracture strength at =188°C («310°F).

5 The development of a ecrack in'the center section of & necked down
tensile bar was studied metallographically.

6. The true stress-true strain curves for the steels, with limited
" exceptions, were determined from f50°C (122°F) to -188°C (-310°F) for virgin
plate specimens.

7. The true stress-irue strain curves for the steels were determined from
£259% (77°F) to ~188°% (-310°F) for virgin plate specimens loaded in the crosse
rolling direction.

8. The true stress~true strain curves for the steels, with limited

exceptions, were determined from #50°C (122°F) to -1889C (-310°F) after the

following trestments:
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a.'PrFstrained 2. 2t 25°C {779F), held 2t Roon Temperature for 1 month,

ba" Py 0 O_\ S -
Prestrained 5%"at 25°C (77 F}, held at Roon Temperature for 1 month,

C, -‘Pk ] 3 _‘;
rostrsined 10% at 25% (77°F), held at Roon *Temperature for 1 month.

9. An spproximate transition curve for a mildly notched tensile bar was

determined for availshle steels.

EXPERIMENTAL RESULTS

TESTS 1 AND 2: -~ FRACTURE STRENGTH OF NOTGHED BARS

Preliminary tests revealed that certain of the project steels were
appreciably ductile in the tension test conducted at liquid éir temperature.,
Since lower temperatures, to suppress this plastic flow, were not accessible
for this testing program, it was decided that mildly notched bars might be used
’ to suppress plastic flow,

The suppression of plastic flow was desirable in order that the fracture
strength of the unstrained material might be measured. The measurement of the
fracture strength was desirable to allow an analysis of the concept of fracture
and flow strengths. For the determination of the fracture strength two possible
procedures could be used; namely, the notch could be such thet the stress system
was completely known, or a series of notches of various known sitress concentra®
tions could be used. From these latter test results the fracture strength could
be determinéd by extrapolation. The first'procedure, unassisted by the second,
requires the evaliation of the effects of a given triaxial stress system and
is probably unrelisble. The second procedure, if used extensively, would
require a great deal of experimental effort. It was decided, therefore, that
one of the steels be used to explore the notch effect, and this steel preferably

be one which failed brittlely in pure tension at liquid air temperature. Stesl
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E closely approximates this behavior and so was used in the evaluation of the
effect of noteh acuity on the fracture strength at ligquid air temperature.

The results of testing are given in Table II and are plotted in Figs., 7
and 8, The data in Fig. 7 are nominal fracture strength versus stress
doncentration while the data in Fig. 8 are maximum calculated stress versus
stress concentration.

The curves break at a siress concentration fector of approximately 2.0
but below this peint represent straight line relationships. Since the bar used
to determine fracture strengths for the remaining steels had a stress concentra-
tion factor of about 1.2 the nominal fracture strength for this bar could be
used ss the fracture strength for the unnotched bar,

The results of fracture streagth measurements on the remaining steels are. .
presented in Table III, The results obtained on unnotched bars, when these bers
failed at very low strain values, are also included for comparison., These two.
values are probsbly in satisfactory agreement, but it is apparent that the
fracture strength determinations are liable to séatter. Because of this
scatter,further analysis of these fracture strengthlvalues does not appear to
be warranted,

TESTS 3 AND 4: » PRESTRAIN ON FRACTURE STRENGTH

The determination of the fracture strength for the unstrained bar is not
sufficient for the determination of the fracture strength eurve. The fracture
strength curve is a function of the strain and cannot be deternined by any
direct procedure. It can be determined by the imposition of strain at one
temperature after which the test bar is cooled to a range of brittle failure

and broken, By this means a fracture strength curve modified by a given thermal

effect may be obtained. Several tests of this type were conducted for prestrains



- 10 = _

imposed at 25°C (779F) and at =70°C (~940F)." Some pertinent data for the steels
are tabulated in Table IVe The data are plotted in Figs. 9 to 13, |

Two ipportant phenomena are pointed outs The first of these, which has recent=
1y been discussed by Sachs (28), is the veriation of the total strain tS fractﬁre
at =188% (-310°F) as a function of the prestrain, The data sre inconsistént but
they tend to support the view advanced by Sachs that the prestrain at higher
temperatures makes the steels more ductilo at ~188°%C (~310°F), Fig. 14, after 

Sachs, (28), illustrates the supposed relationship betweenhprestrnin and added

strain at -188°C (-310°F), Th

\ . 16 data obted
discussion of this point.

The second point of interest centers on the relationship between fractures
strength and strain. These data are relatively consistent‘in indiecating an elgf
vation of the fracturc strength at approximatély 40,000 psi per .3 units of natural
strain. Teh consequonce of this is emphasized in Fige. 9 where the flow curves for
Steel C are plotted‘along with the fracture strength curve obtained for this steel,
Betwoen 0.1 and 0,35 natural strain, the flow curves appear to be porallel or to
converge toward higher straih. Through the same increment of strain, these curves
seem to be parallel to or to diverge from the fracture strength curve. From this it
follows that if the temperature effect on the strength curve determined here, if
lowercd the appropriate amount to pass through the fracture point of the flow
curves, nust lie on or below the flow curve, The fracture strength curve then
could have no meaning.

On the assumption that the fracture strength at different strain levcls is

differently affected by the temperature, an cxponcnt similar to the strain

% For testing procedurc sec Appendix C,
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hardening cxponent may be obtained. Such values as cculd be determined with some
aceuracy are tnbulated in Table V. By assuming this exponent as being constant on
extrapolation to the tempersture for the flow curves at room tempercture, the
fracture strength curve lies above the flow curve, But as will be shown in a
subsequent section, the volue is still too large to allow for a real fracture
strength curve at -145°C (-229°F) for certain of the steels, It scems reasonable

to concludo that the frocture strength concept of failure is not wvalid.

TEST 5% « FAILURE IN THE TENSION BAR
i manner in which the s tandard round tensile bar fails has been satisiaciori-
1y determined for the fully ductile mode of failure (25) (29), It is known that
efter necking down, the stress conditlon in the center of the bar is such that a
erack opens and is propagnted redially. As this happens, the crossesection of the
test bar is reduced nnd the load required to continue the test drops. For very
ductile meterials, for example, copper, this phase of the test can be easily followed
but such is not the cese for gtesls. Seemingly in steels the crack once formed im-
propagnted so rapidly that the load cannot be released in order to prevent complete

failure of the bor. Several tests were conducted to further clarify certain nspects
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Severnl test bars of Steel C were pulled to beyond the maximum load and before
brecking were token from the tensile machine. These specimens were sectioned by
grinding on a plane parallel to the axis of the test bar. At predetermincd
locations along the diameter, the surfaces were polished and examined metallogras -
phically. Pertinent results are prescnted in the photomicrographs in Figs. 16 to
20. In these photonmicrogrnphs, location & corresponds to o plape ,012 inches
from the centerline of the test bar, locntion B to o plane ,007 inches from the
centerline, nnd location C to a plane 002 inches from the centerline, Certein
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The testing procedure may be clarified by referring to the idealized stress=
strain diagram presented in Fig. 15,

This is a load=extension diagrem and offers nothing new up to the point
designated (a), Between points (&) and (b) the lozd is indicated as dropping -
sharply. At (b) it is supposed that the section fails completely. Al1l
specimens which are discussed here were loaded into the interval {n) (b) and the
test was then stopped., As is evident from Trble VI, some dexterity is
required in unloading the specimen in order to prevent its total failure
when tho test is conducted to this stage.

A1l specimens examined were sectioned such that the final plane of examie
nation was 0,002 inch from the center line of the specimen as determined on
the necked=-down portion of the test bar., This plene of examination may, of
COJSQ, be slightly displaced from the original center=~line of the specimen
because of irrepulerities in the streining in the necked=down region.

One item which will be of concern at a subsequent point may be introduced
briefly herc; namely, the existence of total failure at the point (b) on the
diagram. This point probably does not have a true physical significance
insofar as the fracturing process is concerned, but probably is the point beyond
which the weighing mechanism no longer approximately follows the load on the
specimen. It indirectly indicates the limiting rate of travel of the load
indicating device. Because of this the frecture load camnct be defined,

The several photomicrographs indicate that the crack development in the
tensile bar is comparable to thot in copper in the tenzile test, It differs
from crack development in copper in that once it is initiated it develops
rapidly and leads to failure of the entire section, This, ~s has been

recognized, takes place by the formation of & radial erack sensibly normal
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to the specimen axis and this crack extends over an appreciable portion of the

section, After this is accomplished, the remeining section shears off, The

final fracture is the familiar cupcone fracture. |
Parker, et al., (25) have argued that the failure in the center of the

test section is 2 shear failure rather than a cleavege failure. That this

contention is corrsct is corroborated by the evidences of plastic flow adjaéent

to and in the path of the crack, cf, Figs., 17 and 20, In Fig., 20 this phenomenon

is emphasized by the marked strain zone which has developed shead of the adwvancing

crack point, This structure was found at a slightly greater distance from the

center-line of the specimen than was required to reveal the crack.

Finally, the crack does not stert at some isolated point and then dévelép
over the critical section, Rather as indicated in Fig, 18 eracking moy be
initiated at several points in the test section, and as indicated in Fig. 19
these cracks may grow and join., These cracks moy extend over an appreciable
number of grains and frequently arc at an acute angle to the axis of the test
bar., In some instances it appears that certain regions of the section are

gsheared off on a line parallel to the axis of the test har,
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TESTS 6, 7, AND 33 == TENSILE TEST RESULTS

The data have been presented in Figures 29 to 197 and in Tables VII=-A to
VIiI-N. The various data are discussed separately. In the presentetion of data,
specimens transverse to the rolling direction are designoted by (T).

(1) The varintions in reduction in srea vs. temperature (Figures 21 to 28):

For the virgin plate Stecel A, the tronsition range seemingly lies between =188
and -120°C. There arc not sufficient data to nllow a separation of the transition
ronges = if such should exist = for the various levels of prestrain,.

The maximum ductility is indicated for the specimens parallel to the rolling -

direction and which had suffered no prestrain, The minimum ductility is indicated

for the transverse specimens and for those longitudinal specimens which had
suffered 2% prestrain, The maximum decrease in ductility amounts %o about
16«20% at temperntures above the transition range.

At liquid air temperatures the specimens which suffered prestrain are less
ductile than those which had not. This is contrary to what might have been
expected from the results reported under Test 2, but are in line with the data
obtained for impnct testing (2), where the transition temper-ture was found to
lie »t higher temperatures with inecreasing prestrain. This apparent correlation
is obviously of very limited value.

For Steel Br the transition range extends from less than =188 to about
~120°C, Agnin there appears to be little possibility of specifying any but
the one transition range for all of the deta. The resuvlts for the transverse
tests are somewhat erratie, but for the most part indicnte o reduction in the
moximam ductility of about 20%, The prestroined bars are less ductile at -1880¢C
than are the virgin plate bars,

For Steel Bn the transition range extends from =188 to about ~145°C,

The effects of prestrain are comporable to those observed for Steel Br,
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At -188%C Stecl Bn is less duetile than Steel Br, while there is no seg-
regation of test values for prestrained and unstrained bars. It is of
particular interest to point out that this steel is highly ductile at -15000.
Purther, in the range of high ductility, the maximum reduction in ductility
due to chenge in orientation of the test bar amounts to about 10%,

For Steel C the transition range extends from -188 to about =-145°C.

At =145 to =150°C the steel is fully ductile, The maximum decrease in
duefility above the transition range is about 10% of the virgin plate
value,

For Steel Dr the transition range extends from below -188°C tc above
-1509C, There is no apparent modification of this treansition range as a
consequence of prestraine The ductility is little affected by orientae
tion and prestraiﬁ,with the maximum reduction in ductility above the
transition range amounting to between 5 and 10%. of the virgin plate value.

For Steel Dn ~188°C lies about in the middle of the transition range
as at this point the reduction in area value is reduced to sbout 504 of
the maximum, The transverse ductllity is about & $£0.10% less than the
longitudinal ductility. The effects of prestraining are not apparent
for this steel.

The *ransition range for Steel E extends from sbout -130 to about
=120°C. The transverse ductility is sbout 15% less than the 1ongitud;nal
ductility while the maximum effect due to prestraining is a 10% reduction
in ductility.

Steel H is appreciahly ductile at =188°C but not so much so as Steel
Dn. The transition range extends from less than ~188°C to about ~150°C,

Steel I is just into the upper portion of the trensition range at_
-188°¢c, No plot is shown for Steel N due to the limited data, which appear

in Table VII=N,
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(2) The natural gtrainrﬁ;;rggigggmLéiF} vs, tempernturs (Figures 29 to 36) s

This quantity variesin the same manner as does the reduction in area.

(3} The tensile strength vs. temperature (Figures 37 to 44)3 The
steels were made up to have 60,000 to 70,000 psi tensile strengths. This

quantity when determined as a function of temperature is modified by iwo
factors, namely, the strengthening regulting from decreased temperaturs
of testing and the decreage in strain hardening which arises in the tran=

sition range. These factors being of opposite sign csn seriously modify

For Steel A the tensile strength for the unstrained longitudinal
specimens is a minimum for the test bars exemined, The tensile strength
inereases at first slowly and then more rapidly with decreasing tempera-
ture. It is gbout doubled at =188°C,, but the major contribution to this
increased tensile strength ocours between =70 and »188°C, The tensile
strength increases .regularly with prestrain and is elevated about 20% by
a prestrain of 10%.

For Steel Br the results are nearly identical with those obtained
for Steel A, The tensile strength va. temperature curves, however, are
displaced to slightly lower load values, |

For Steel Bn the results for 0% prestrain,like those for Steel Br,
are in close agreement with comparable values for Steel A. The behavior
for prestrained bare is different for testing at -188°C, At this lowest
tempefature of testing the tensile strength of the 10% prestrained bars
is less than that for the 5 and 2% prestrained bars, Thus the average
tensile strengths for the 2, 5, 10 and 0% prestrained bars are 147, 500;

137,500¢° 127,500 and 127,500 psi, respectively. Thus the strongest steel
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is that prestrained 2% while the weakest are those prestrained 0 and 10%,

The regults for Steel C are in c¢lose &
teined for Stesl A,

The results for Steel Dr are in close agreement vwith the results ob=
tained for Steel A, .

For Steel Dn the strengthening effects for decreasing temperature of
testing are less than was observed for Steel Dr. Further, the effects of
prestraining are not marked, as the imposition of 10% prestrain elevates
the tensile strength by less than 10% at 25 and 50°C, Prestraining pos«
sibly is more effective in elevating the tensile strength at =1880C, gl=.
though the inerease at this tempersture is not so pronounced as for Steel

Dr.

ing is analogous to the behavior of Steel Bn, Thus at -188°C the ten=
sile strengths of the 0 and 10% prestrained bars are equal and less than
the tensile strength for the 2 and 5% prestrained bars,

The tensile strength for Steel H inereases with deereasing temperaw
ture in analogy to that for Steel A at 0% prestrain,

(4) The lower yield strengih vs, temperature (Figures 45 to 52}s The

lower yield strength data may be placed in two groups for presentation,

The first of these groups includes Steels A&, Br, C, Dr, and E, For this
group of steels there is a pronounced elevation of the lower yield strength

with increasing prestrain at all temperatures investigateds The percent-

temperature. At 25°C for a prestrain of 10% the yisld strength is abdut

double that at 0% prestrain. At «188°C the increase is by a factor of ¥
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as the numerieal increase in the yield strength remains nesrly constant
irrespective of testing temperature.

For the unstrrined steel the yield strength is incressed by about 25% as the
temper~ture is lowered from £50 to =70°C, The yiold strength is increased by a
factor of 300% when the temperature is lowered from 50 to =188°C, For the steel
prestrained 10% the yield strength is inecreased by about 200% ns the temperature
is lowered from £ 50 to -188°C,

For the second group of steels represented by Steel Bn and possibly Steel
Dn, the effect of prostrain on the yleld strength is merkedly dependent on the
temperature of testing, Thus for Steel Bn the yield strength at 25°C is raised
by 100% for a prestrain of 10%, At -188°C., however, the analogous increase is
only 10%,

(5) The fracturc stremgth vs. temperoture (Figures 53 to 60): The fracture

strength is dependent on two factors which are of opposite sign, namely the
strengthening effect arising from decreansed temperature and secondly, the
weakening effect due to decrensed strnin hordening becnuse of failure at lower

strnin vrlues, 8ince this Intter faoctor does not become operntive until the

1

transition zone is entered, it might be oxpected that the fracture strength would
increase until the tronsition zone was renched and would then behave erratically.
The data do not cover the transitioh zone sufficiently to indicate the behovior
of the fracture strength throuph this zone, but seemingly the fracturc strength
may in some instnnces drop shorply in this temperature intervel,

The fracture strength for the prestr-incd beors is not mrrkeodly different
from that of the unstrained bars ot =70°C and highere At «188°C, on

the other hand, the prestraining causes a pronounced scatter in the
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fracture strength values, The scatter se-mingly is not consistent,

(6) The strength coefficient vs, temperature (Figures 61 to 68)+ The
value of the strength coefficient has been found to depend on the carbon |
content {30), tests being conducted at 25°C, This is corroborated by the
data obtained here, The strength coefficient as might be expected is de=
pendent on the temperature of testing and it appears that,at the different
temperatures between =188° and #50°C,one of the majorrfactors.iﬁ.determin-
ing its numerical value is the carbon content,

The strength coefficient is increased by from 80 to 90% as the tem=
perature is lowered from #50 to =188°C, The strength coefficient does
not appear to be consistently modified by prestrain cver the temperature
interval in which it was measured,:

(7) The strain hardening exponent vs. tempersture (Figures 69 to 76)1

The strain herdening exponent ranges between .20 and ,25 for all of the

steels at 25°C, for the unstrained test bars. This relative magnitude
is obtained at =70°C for =1l of the steels, but there is some evidence
that the magnitude of the exponent is slightly lowered for some of the
stesls at -70°C, At =188°C all of the steels but Steel N show a reduced
strain hardening exponent. It is evident, therefore, that the strain
hardening exponent undergoes a transition from a high value to some
lower velue. The exact character of this transition is of much interest,
but only limitecd deta are available pertaining to it.

It appears that the tronsition in-the strain hardening exponent does
not coincide with the transition in duetility. -This is empha-
sized from a consideretion of Figuré 49 for Steel A, This steel possesses

nearly full ductility at =150°C, At this temperature, however, the steel
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has seemingly passed through the transition in the strain hardening ex=
ponent, On the other hand, between =150 and «188°C this steel passes
nearly through the transition in duetility but in this interval there is
no comparsble decrease in h, The minimum value of M for this stesl is
about 0,15,

Prestraining seriously modifies the strain hardening exponent as is
evident from the curves, Figure 69, This situation would be expected

since prestraining causes no alteration in the strength coefficient.

Steels Br, Bn, and Dn, For these steels an apparently real low level
is defined for the strain hardening exponent.

For Steels C, Dr, E, and H, no sttempt can be made to establish a
low level range for the strain hardening exponent.

Seatter is observed for the values of the strain,haréening exponent,
This scatter does not appear to be lerge in the regions away from the
transition range for this quantity, 4 reasonable notion of the degree
of scatter cannot be given on the basis of the number of data which are
presented.  These data are difficult to obtain, however, because of the
tendency of the steels to break at very low strainllevels. Strains of
greater than 0.1 are required if satisfactory values for N are to be ob=
tained. Of the steels available only a few could be satisfactorily
handled at ~188°C, -

(8) The frecture sppearvance vs, temperature: Iuch emphasis has been
placed on fracture appearance as an aid in evaluating brittle and ductile
vehavior (3)(4)(5)(6)(7)(€)(10)(11){12). On the other hand, it has been
pointed out that fracture appearance may not be an adequute_criterion of

brittle behavior {24)(27). It is not surprising then that ductility does



not correlate with fracture appearance in these tests. Thus for none of

served at higher than about «145°C, The transition temperature on the
basis of fracture appearance however lies at =70°C for some of the
steels.s The fracture data are summarized in Table VIII and probabls
transition temperature ranges are presented in Table IX,
TEST 9t - NOTCHED=BAR TRANSITION RANGE ‘
The test results are presented in Figure 200, It is evident that
all of the steels tested are somewhat embrittled by the mild notch useds

The transition range is in general raised by about 30°C, For this test

bar the steels are ge

There 1
relation between the transition temperature determined for this test bar
with the tranéition temperatures observed in the impact and notched bar

gpecification tests. Considering the complexity of these latter tests

this was not unexpected.

DISCUSSION

The tensile testing of the project steels was_éarried out with the
expectation that possible fundamental material quantities might be re=
vealed, These gquantities, becapse_thgy are fundamental, must affect the
behavior of the metal in any kind of test, The direction and poséible-j
magnitude of this effect could possibly be derived froﬁrthe data on tension
testing., The question arisest has:any aspect of the tension results re=-
ported here been suggestive of the operation of a fundamental quaentity?
To answer: this question it is necessary to discuss the aspects of the
tension-test which have been recorded and to éxamine anylirregularity

0

which might exist,



The data to be considered firs%t are thoge obtained for reduction in

area and true strain vs. temperature, These data define the

ransition
from ductile to brittle behavior with reduction in temperature. The
fact that this transition occurs is in itself not a fundamentcl aspect of
the test, as might appear at first sight. Thus the steels do not become
truly - brittle below the lower limits of the transition range in this
test, for it is possible to displace the transition range to still
lower temperatures by the use of a smaller specimen or by tésting in
torsion or compression, etc.; and it is possible to displace the tran-
sition range to higher temperatures by a variety of mesns. The trane
sition range as revealed by strain meagsurenments does not reverl the
action of any fundamental quantity. This actually might be enlarged to
say that any quantity which is modified by the transition rangs other
than tc become inaccessible to measurement cannot readily reveal sny
effect due to the operation of fundamentel quantities.

The tensile strength of the steels is not discontinuous in the tran~
sition range. This quantity is poorly defined for use as required here,
for it does not refer to materials at the same strie of testing., Thus
at 25°C the stesl is ductile and suffers much plastic strain prior to

frastura At =188 C

vvvvvvv o« 4t «1B6C, on th
fore the point borresponding to maximum load at 25°% is reached. In the
meantime because of the decrease in temperature the steel is appreclably
strengthened, Thus two quantities of opposite sign modify the tensile
strength,

The fracture stress vs, temﬁérature curves reveal s marked transition

range discontinuity. This quantity, however, suffers from the same
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uncertainty that was introduced agesinst the tensile strength, Further, the
problem of the definition of fracture stress arises, As has been seen
earlier the fracturing process is complicated., For this reason it has
been necessary to define the fracture stress considered here as that
maximum nominal true stress on ‘the section just prior to -ifitermal crack
initietion,

The lower yield strength vs. temperature curves show no discon-
tinuity through the transition range, although from the results of Joffé '
(31) it might be argued that this quantity would be discontinuous at the
lowest temperature in the transition range, This quantity, however, is
ineccessible to measurement below this point.

The strength coefficient ( dﬁ ) varies with temperature in much the
same way a3 does the lower yield strength and this suggests a relationship
between the two. That a relationship does exist is supported by the nu-
merical variation of these two gquantities with temperature as revealed in
Figures 198 and 199, The close parallelism of the two lines is hardly -
fortuitouss .

Fo discontinuity with temperature is found f@r the strength coef
cient,

The strain hardening exponent remains to be discussed., The magnitude
of this quantity is intimately asscciated with that of the strength co-
efficient which has been discussed above. This follows from the fact
that both quantities appear as variables in the equatién

g g |
Since this equation is developed for the plastip state, O and W cannot

be determined below the transition range, or sgecifically at temperatures
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where there is no plastic flow, In the upper portion of the transition
range in the tensile test there is still appreciable ductility and G
and W can be determined, 4s has already been indicated above, the G:
vs. temperature curves suffer no discontinuity through the transition
range. This is not the case for the strain hardening exponent, For
Steels C and E the strain hardening exponent is drastically lowered at
150°¢ ., For all ateels but Stesl N the strain hardening exponent is low=
ered at the minimum temperatures at which it has been determined, This
is at variance with the observation of Siegel and Brick (20) who have con-
cluded that n should incresse with decrsasing temperature, For the steels
behavior of n might be agsociated witl
ductile to brittle behavior which is most marked in the range from =145 to
-188°C, Close examinations of the data for n and the data for reduction
in ares es affected by the testing temperature reveals, however, that these
two phenomena are not directly interrelated., Thus for Steel G at =150°
the reduction in ares is 60.5% while the value of n has dropped to 0,106
vhile at =145°C the two valuss are 43.6% and .163, reépectivgly. For Steel
E testé& at -15000 the reduction‘in area value is 47,8%, that of n is 04134
At -1459C these values ars 48,8% and 0.117, respectively, Thus for these
two steels the value of n has dropped or passed through a transition at a
temperature in the upper portion or above the transition range in ductility.

There are not sufficient data to treat this point extensively, but
seemingly a curve such as has been drawn for Steel A, (Figure 69), under
the proper experimental circumstances would typify the behavior of n  vs.
temperature for all of the steels. To be more specific the value of p

ig lowered through a brief temperature interval which may or may not
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coineide with the transition range as measured in the static tension test.
Seemingly the minimum value for n is characteristic for the steel = for
some of the steels tested here this decreass amounts to about 50%.

The strain hardening exponent seemingly is a fundamentsl factor in
plastic work = hardening or at least approximates thereto, The experi=
merital circumstance that loss of ductility in the tensile test intrudes
prior to the transition in p limits the determination of the relationship
between n and temperature. Thig situation could be eircumvented by the
use of other test procedures in more satisfactory determinstions of
and n,

The variation of n with temperatvre as revealed in the above lends
some support to Gensamer's treatment (23) of plastic strain in terms of
the strain hardening exponent n, & velocity coefficient 7{ and the streas
gradient, The variation of p with temperaiure as shown above alsg refutes.
the Siegel and Brick (20) argument against Gensamer's concept, Much more
work is required, however, before an attempt at a quantitative trestment,
of this concept is possible. This_additional work must first of all lead

to a physically sound concept of fracture.

SUMMARY AND CONCLUS IONS

In thé presentation of the experiﬁental results it has been obsérved
that the breaking of a test bar as indiéated by the stfess ﬁt fracture is
modified by the nofch acuity., This modificatibn is not regular, but seem-
ingly undergoes a sharp alteration as the notch acuity is increasea. These
observations were made on a steel which was sensibly brittle at the test- 

ing temperature of -188°C,
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The fracture strength as originally porposed by Ludwik (15) has been
investigated and has been found to be elevated such that the fracture strength
curve at ~1889C is gbout parallel to the flow curve at 25°C, If this curve
is displaced by a given stress value to pass through the fracture point it
lies on the flow -eurve, It cannot then have the meaning suggested by Ludwik,

If it is assumed, however, that the fracture stfength is displacéd differ-

established, This relationship is assumed to have the same functional form

as the relationship between & and J , and so leads to an Th; in place

of & strain~hardening exponent. If 7y, 1is mssumed to be Endependent of temper=-
ature a fracture strength curve is obtained which when displaced to pass through
the fracture point at 25°C lies above the flow curve. This curve, however,

will not lie above but actually below the flow curve at ~15090 for some of the
project steels. This situation is meaningless, so that it appears that the

concept of fracture-ard flowestrengbhs is not correct.

The development of the internal crack in the fu
for steel has been examined metallographically, Evidence has beon advanced
to sustain the argument of Parker, et al, {25) that the internal failure is a
shear failure,.

Thetensile properties of the project‘steels as a function of prestrain
followed by aging and as a function of temperature have been examined. Of
the properties studied it has appesred that the strength coefficient and the
strain hardening exponent possess fundamental meaning. For the steels studied
the value of thé strain hardening exponent vs, temperature appears to he an

index of their behavior,
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Finally the transition range for a mildly notched tensile bar has

for this test bar, while the steels all appear to be affected to aboul the

same degree.,

SUGGESTIONS FOR FURTHER WORK

It appears that further investigation of ship plate steels in the
following directions might prove profitable.

(a) Notch sensitivity of steels is at best a poorly defined quantity
and is for the most part defined qualitatively by means of the notchmime
pact test. Such an evaluation normally necessitates a modifieation of
the testing temperature with recognized far=reaching consequences, It
would appear that testing of notched bars in the non=-ductile range as
done here for Steel E might lead to veluable data.

(b) The need for further analysis of the temperature dependesece of d;
and n is obvious, This analysis should te more intensive for ithe steels
which have been studied here and should likewise embrsce other compositions,
Such testing could best be done by torsion testing or possibly by compres=
sion testing to suppress the trsnsition range in ductility encountered in
the tension test. Exploratory work {32) using the torsion test hes been
completed and has allowed the evaluation of & pseudo-strain=hardening ex=
ponent for Steels C and E at «188°C, The value of n so determined is

approximately C.l.
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TABLE I - CHEMICAL ANALYSES OF THE STEELS

0426
0618
0,18
0.24
0.22
0,19
0,20
© 0.18

0.17

in
0.50
0.73
0.73
0.48
0555
0.54
0433
0.76
0,53

Ni

3.39

N2
»004
.005
006
009
006
006
005
004

.C05



TABLE II - DIMENSIONS OF TEST SPECIMENS AND TEST RESULTS FOR STRESS CONCENTRATION

EFFECTS ON FRACTURE STREFGTH AT -188°C - STEEL E

SpecCa

Yo. 'y tor b JDg Lx %3 5r@%§;
R-54 L2000 L1407 L3982 2.3 87,600 201,48
R-55 . 2000 . 1407 _ _
R=56 .2000 328 <3995 2.1 116,160 R43,95
R-58 . 2000 .0127 <3985 1.8 132,130 237,85
R-59 +2000 0127 3990 1.8 121,570 218,8:
R-60 . 2000 0047 .3986 1.6 126,220 201,94
R-61 . 2000 0047 «3980 1.6 120,410 192,65
R-62 .2800 0521 «5592 2.3 87,950 202,2¢
R-63 » 2800 #0521 «5590 2.3 90,130 207,26
R=64 . 2800 0225 - Mo Test

R=66 «2800 L0313 - No Test

R-68 = 2800 L0044 - » _No"Test

R-69 2800 L0044, - No Test

A ~ half diameter under notch - inches.

t or t!' - notch depth-inches.

Dy = Root dia. after,fractgre - inchesg.
" = Veuber's stress concentration fector, .
,7;% - liax. nominal stress on net section - psi.

ﬂ/ﬁmx - Max. stress at the base of tke notch - psi.
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TABLE II1 - FRACTURE STRENGTH DATA FCR PROJECT STEELS AT ~188°C,

Steel ol A7 Steel 7 F fr
A 142,030 .008 Dr 138,140 .012
144,630 006 : 140,020 009

160,700 007 14,3, 300 .013

150,870 005 153,420 016

" Ave, 149,500 007 Ave. 143,720 .012

£ Aver 125,775 057 CF hvew —

Br 143,790 - 006 D 144,000,006
129,580,007 . 147,000 .017

121,650 ,006 | 142,000 007

128,970 2005 144,930 016

Ave, 131,000  .007 142,470 014,

) 1434890 .023

/4 Ave* 130,000 .08 , 142;890 012
A hvet e

Bn 127,930 000 E 140,230 0073
143,910 007 , 102, 870 0055
128,150 002 ‘ 125,980 L0105
137,770 .007 | : 148, 620 L0049
Ave. 134,440 004 » .. Ave. 130,425 L0071

4 Ave* 112,660 043 £ Bve® 121,720 045
B 154, 640 .012

151,130 012

_ 147,420 014
- o 151,960 012

“ © Ave. 151,290 .012

* Averape values for unnotched bars,

# For individusl values - see Tebles VIT A and VIT E incl,
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TABLE IV = THE EFFECTS OF PRASTRAIN AT 25° AND ~76°C ON THE

PHYSICAL PROPERTIES OF THE PRCJECT STEELS AT -1880¢,

€ r.1,

0
0
«211
» 211

<146
«153
+045
+103
» 192
0

«150
.187
.050
114
0

.019
. 050
.086
109
146
170
068
121
.193
.021
0

»150
» 200
051

0

041
+096
2131
+206
W 248

.150
045
282

€ L.A.

063
.051
032

.118
066
<045
047
»045
0086

050
<167
036
+054
.012

+023
010
+003
+008
019
012
«022
019
030
»021
,028

074
« 117
» 180
i256

.321
. 368
332
231
.059

001
.009
1006
.019

€ 10T,

+063
051
243
.211

264
a 219
.091
+150
237
4086

«200
e 354
.086
.168
012

L042
060
089
117
«165
182
.090
« 140
«223
o411
JO28

o224,
317
.231
+256

. 362
yASA
L6
437
+307

151
. 340
051
+301

»
7F.

122,000

. 124,000

149,000
155,000

156,000
145,000
133,000
14,3,000
147,000
129,000

148,000
165,000
133,000
142,000
128,000

128,000

133,000
135,000
141,000
148,000
148,000
137,000
145,000
153,000
168,000

160,000
169,000
158,900
151,000

163,500
189,000
171, 420
170,950
145,000

140,000
161,000
126, 600
149,000

= o 3 =2wun

25°¢

n
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TABLE V - SELECTEDVVALUES OF netp FOR THE
PROJECT STEELS

Steal *

| 4
4 15
¢ ( €at 2500) 3143
¢ ( € at =70°C) .130

Aversge values of all steels .16



TABLE VI ~ SPECIKENS TESTED AND TEST RESULTS FCR STUDY OF

IFTERMNAL CRACK DEVELOPHENT IN DUCTILE TENSILE BAR - STEEL C.

Specimen dg Yield Load Max, Load Load ot final Ave. diameter
diameter

1-69 3660 6400 6150 0.278
-66 3710 0425 5475 0,252 - broken
-70 3C60-3375 6500 5125 : . ~- - broken
~71 3740-3230 6450 5450 0.252
-65 0.357 3500~3260 64,80 5050 - broken
-6, 04357 3690-3240 6400 5180 0.242 - broken
~27 0357 4030-3380 6330 5100 0.235
-23 0,356 3420~3480 6700 5300 - broken
-25 0,356 3880-3360 6440 5300 | --  broken

~26 0.357 3800-3380 5410 5160 D243

_gg_



TABLE VIT A,
Spece Spec., T
o, Type. _€ 7¢ Test 7/}
-5 1 — — 25 107,800
-6 1 —_— 25 109,800
=45 1 —_— 25 121,000
=46 1 - 25 120,400
G ~-A 2 -= == 282 120,000
~ (in fillet)
- B 2 we == 188 ——
-1 2 - = 2188 122,000
-2 2 -- ==  =}83 124,000
-25 2 - == 183 126,600
-256 2 -= =~ =188 127,500
-27 2 - == =138 145,600
-28 2 - e- - ———
=23 2 - - 70 132,500
~24, 2 - =70 132,700
~-19 2 - - 25 117,500
=20 2 - =- 25 113,500
-21 2 - == 48 116,700
~22 2 - e 48 121,300
C-11 2 2% 25 183 133,000
= 12 2 2% 25 183 139,100
-3 2 2% 25 =70 132,700
- 32 2 2% 25 =70 134,200
- 29 2 2% 25 25 123,300
- 30 2 2% 25 25 116,900
- 13 2 2% 25 48 122,500
- 14 2 2 25 48 121,800

34,000
35,480

ES L dohd

37,200

116,000
124,000
122,000
117,300
117,300
47,000
48,800
32,200
32,100
34,100

34,250

129,400
127, 8C0

63,800
49,0
49,700
49,200

TESTS FCR STFEL
Tensile
Stren,qth R.A.
58,540 £7.8
59, 640 58.6
60,100 61.5
60,180 61.7
130, 500 ——
131,000 6.2
130,000 5.1
128,500 S5ede
126,700 5.4
136,700  13.5
71,500 60.2
724500 59,7
59,000  61.5
58,500 61.1
58,000  61.4
62,200 59.7
138,500 2.6
136,500 7.7
8G, 300 5347
79,5C0 5448
67,400  55.5
67,400 56.8
65,800 57.1
64,600  57.3

100, 530
102,030

194,100
121,100
125,650
112,010
101,350
120,250
108,900

-

132,880

130, 650
111,500
109,100
108,650
108, 650

Remarks

1 /500, cAsn 3
404705 WOUST dg

1/64 R; 505" dg

Used for alignment

o% n graphically

Fracture 3" from
min. dia.

Lo
=

]
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=55
-53
-53

MNRNNDN DN NN

NN N

NN

NN

2 (7)
2 (1)
2 (T}

5%

£el
S

5%
5%
5%

ot
5
'

10%
10%
10%
10%
10%
10%

10%
10%

20%
20%

25
25

25
25
25
25
25

25

25
25
25
25
25
25

25
25

25
25

-188
-188

=70
=70
25
25
48
48

-188
~188
~70
~70
25
25

48
L8

-188
-188

~18¢

~125
=75
25

145,900
146,300

134,000

142,500
126,200

122,400

119,900
119,600

155,700
142, 600
137,000
135, 500
124, 500
122,500

120, 300
119,100

149,000
155,000

133,300

154, 80C
131,060
123,930

TABLE VIT A. - (Continued)

L0377

« 75C0
. 6350
. 7630
.3165
. 8347

JO7L0
.0211
."71070
« 7030
« 7540
« 7400

« 7543
7458

L0348
0205

0170

5750
6950
7680

—

76, 500
756,100
62, 80(
63,400
61,500
61,400

152,800
153,700
85,9C0
87,200
Th 200
73,900

72,400
73,000

£5,100
424 500
27, 500

148,100
147,200

3,900
83,900
70,000
71,000
7,400
66,000

152,800
153,700
87,700
89, 300
755400
75,100

T4y, 00
73,900

101,100
79,200
68,100

133,400
125,200
111,050
113, 400
108, 420

105,700

-

-

126,060
128, 900
112,650
113,450

109, 850
109,000

Lo
.

-~

158,100
134,570
117,180

~== Broke in 3 pie
one at min. die

"«148 This specimen t

to calculate 1
of theoretical
strained bar

#3143
.138

e~

~== Break at yield
w1 alAd and Pwru_~F
JATIEYE aAlild LiAvL

time same

.158 , & n graphic
»199
208
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TABLE VIT Br, - THE RESULTS OF TE'SILE TESTS FOR STEEL Br,

Speec.  Specs T
o, Type ¢ T¢  Test
B-1 1 —-— —— 25
-2 1 - -—— 25
=55 1 === === 25
-56 1 -— -—— 25
B -3 2 R -
-5 2 —— -—— 188
-5 2 ——- -——- =188
-12 2 — --- -188
-15 2 —— — =188
22 2 Y- -—- —188
=23 2 - ———— 188
-4 2 -— .—— =150
-20 2 — S
-21 2 -—- -—— 70
-13 2 —_— -— 25
-1 2 - -~ 25
-17 2 -— -—— 50
-19 2 —_— —_—— 50
B =33 2 2 25 _188
-34 2 2 25 138
«31 2 2 25 =70
-32 2 2 25 =70
~20 2 2 25 25
30 2 2 25 25
=27 2 2 25 50
28 2 2 25 50

114,500
112,000
121,600
123, 600

141,066

126, 500

147,000

129,000
130,900
137, 600

140,700
151, 380
134,300
129,800
126,900
122,700
117,200
114,500

127,000
132,000
133,600
131,400
118,000
119, 500
116, 500
114,000

IE
.9820
0520

1,0890
1.1170

.1880

+1220

«1990

. 0860
. 0940
1560

«2050

» 7480
1.04310

1.0060
1.0770
1,0700
1.0610
1.0420

-« 0440
L0960
1.082
1.0280
1.0860
1.0650
1.0910
1.0470

G1.Y.

30,900
31,200
29, 7CC
29,750

109,100

112,000

112,000

112, 500
112, 800
108, 300

110,100
80, 800
43,300
41,300
29,200
30, 500
28, 500

29,100

121,500
119,500

56, €00
55,600
4y TO0
bty T0G

41,900

Mo e

Strenpth R.A. 3 0 n Remarks

56,900 6l.2 300,290 ,227
56,800 62.0 98,385 ,213
56,100 66.3 —-—— ———

56,200 67.2 ——— ——

119,400 17.1 183,320 .155 Fracture 7/8" from
rmin, dia.
Fo R. A.at fracture
122,000 13.9 - ~==  Did not break at
min. dia. Error
suspected In load
Tondinme
AN w1 hlJ.llE
120, 600 18,1 -— -~- Error suspected in
load reading i
121,000 842 —— ——— w
123,000 9.0 ——— -—- ~

— 1.7 — --— Fracture 4" from |

min, diae.

- 16,7 - -

2,200 2.7 131,850 .1 & n graphieall
26;800 & 1%2:980 o0 T EP d
67,100 63.4 115,900 ,211
57,000 66,5 ° 99,370 219
57,600 65.7 102,410 ,229
545700 6544 98,985 242
54,200 6447 96,700 .223

- 128,100 . 43 ——— -

126,500 9.2 —-——— -——
70,500 62.5 113,920 170
70,200 6hed 112,780 164
59,700 6hod 98,354 .19
59,800 65,5 95,598 ,169
57,500 66,4, 90,556 157
56,800 65.0 Q4,722 L,137
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10
16
10
10
10
10
10

4ab
10.3
14.6
15.3
19.2

-188
~185

-188
-188
-188
-188

TABLE

138,000
138,400
132, 600
131,500
120,000
115,000
118,800
123,800

144,800
145,600
135,500
132,500
120,000
120, 800
112,500
112,000

133,800
143,000
156,000
145,000
147,000

142,900
101,200
130,050
116, 890

97,900 °

143,790
129, 580
121,650 °
128,970

VII Br. ~ (Continued)

.0090
.0280
140220
1.,0020
1.0560
«9810
1.0080
1.0740

«0100
- 0160
« 9570
«899C
+93570
L] 9800
+9630
«9520

.091C
»1500
#2640
.2190
«2370

2010
3230
5960

NVAY

.0060
L0070
20080

0050

65, 200
64,,100
53, &0
54,300
57,300
56, 80C

76,500
75,700
6%, 500
66,200
64, 800
64,5000

st

139,300
139,400
74,4400
72,000
61,200
61,900
62,600
63, 300

138,000
144,000
80, 500
80,000
67,800
67,400
65,300
65,20C

128,000
136,000
139,200
136,000
140,900

117,200
86,400

o m
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11.2

[*a)
AV

4l
18,2

27.6

44,9
53.7
5245

0065
0.73
0,80
0.49

119, 520
116.250
99,510
97,185
95,823
96,485

_.Bg_
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=145
-370
-73
=75
27
28

TABIE VII Br. - (Continued)

114,600
143,000

-

0260
4700
«5184
2679
« 3970
AT14

_—- 101,000
o~ 83,400
.- 844500
— 67,600

- 68,000

2.5
40,4
LA
b4
33,6

3844



TABLE VII Bn. - THE RESULTS OF TENSILE TESTS FOR STEEL Bn.

Spec. Spec. T
No. Type 6. 7; Test
D -1 1 . =25
-2 1 o — 25
-65 1 _ — 25
-66 1 — —_— 25
D~3 2 — .. =188
-4 2 . -138
-5 2 . . =188
-6 2 - - =188
-11 2 __ — —188
-18 2 _ . -188
-~19 2 . =188
=54 2 - . =182
=55 2 - =188
“¥, 2 . =150
-20 2 -0
=53 2 - . =70
-12 2 _ 2
~13 2 —_ . 25
15 2 _ —_ 25
-56 2 - 25
-16 2 — —- 5C
-17 2 80

I

128,000

127,300
107,500
127,000

135,182
128,900

131,000

120,430

126,000
134, 500
158,200
165,432
144,000
137,200
125,500
116, 500

A——

121,500
127,000
125,000

IE

1.1500

1.2350
+ 9770
1.1310

«0730

.0100

0730

»0150
«1280
« 3070
+8990
1.0880
1.0250
1.1220

1.,1820
1.1680

S LY.

33,500

33,900
33,900
33,700

106,730
113,500

108,000
113,700
79,600
46,100
46,300
29,700
31,900
29,200

35,000
31,500
31, 800

Tensile cij
Strength R.A, o n Rerarks
57,600 é8.3 103,230 .236
57,450 67.8 104,090 245
57,900 6.2 e
57,700 67.7 —_ —
— — — Spec. broke discard
2Ce
126,630 13.0 191,650 ,177
125,000 7.1 ___  __.. Error suspected in
load reading
129,500 1.1° ___  ___ Error suspected in
load reading
— — — . Specimen discarded -
Liquid air depleted
123,000 7.0 __ ___ Fracture " from
Min. Diam.
124,200 1.5 .
124,000 119
130,000 28,1 — —
95,700 5%.3 143,210 147
71,000 66,3 124,700 L,222
70,700 64el 124,650 L2225
56,200 68,0 99,100 ,227
57,700 62,0 105,260 L247
574200 —_ —_— Not pulled for
fracture study
59,000 66,0 102,510 215
56, 300 60,4 100,300 ,L231
55,800 68,9 105,750 o275

|
=
o

I
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TABIE VII Bn. - (Continued) o

2 25  -188 147,200 Louo 147,100 6.1 __ —_—

2 25 -70 137,200 L9420 56,200 73,000 61,00 125,940 ,212

2 25 25 123,000  1.0700 42,000 60,400 65.7 98,088 170

2 25 25 125,500  1.1130 41,800 59,950 é7.2 100,300 188

2 25 50 126,506  1.1270 42,800 58,500 67.6 90,770 145

2 25 50 121,600  1.,0850 43,500 758,700 B6.3 97,590 ,186

5 25  -188 139,500  ,w0320 140,000 1.1 L

5 25 =183 136,600  .0300  __ 137,000 3.7 __ —

5 25 ~70 140,000 ©1.013C 654,300 75,300 63.7 116,540 L147

5 - 25 ~70 145,000  1.0220 66,500 76,700 &,.0 115,310 ,133

5 .25 25 123,000  ,9940 57,500 66,200 63.0 103,260 149

5 25 25 120,200 LOTE0 56,800 65,500 62,3 101,430 ,146

5 25 50 123,100 1.0220 56,100 61, 500 65.1 100,500 ,178
-5 25 50 173,500  1,0530 4€,300 70,700 64,1 124,650 ,225

[

110 25 188 138,200 L1170 120,500 128,500 11.0 . f
10 25 =188 134,400 L0960 119,560 126,500 9.2  __ __ !
10 25 ~70 143,300 L8700 81,000 85,000 58,1 121,940 .120

10 25 ~70 143,000 L8070 78,900 82,600 59.2 124,030 ,138
-10 25 25 121,500 .9550 68,400 70,300 61.5 103,360 ,131

10 25 25 123,200 L9680 68,000 70,000 62,0 103,050 ,127

10 25 50 121,800  .9370 67,600 68,500 61,2 98,185 126

10 25 50 122,800 L0490 47,000 68,300 61,3 101,150 .138

5.0 25 133,000 . 0860  _ _ - 3.5 ___ Fracture 1/8%

' ‘ ' from fillet

114 25 -18¢8 142,000 . 1630 . __ 134, 500 542 __  ___ HMin, Dian, at f
. ' ture 3/37 off e
15,0 25 =183 148,000 ,2000 . 140,500 2.0 ___ __ ter

18.7 25 =138 165,000 L3540 142,800 1.5 —



D - 76
- 75
- 73
- 77

D'~ 61
- 62
- 63

- &4

- &7

- 70

- 72

- £9

LIV CLREL RV RN R AT RV

L H
L

NERRERED

REREEREE

-188
=145

=75

-188
~188
~188
=188
<145

-76

~76

275 .

28

TABLE VII Bn. - (Contipued)

116,200
146,000
128,160
112,860

127,930
143,910
128,150
137,770
116,000

L HH

0590
L6350
LLB7C
+9590

«0000
LOC70
.0C20
.0070
.0150
L 51' 58
.5103

. «5382

.5152

106, 500
73,000
42,500
32,700

ERRRERRE

119,700
171, 600
88, 500
57,600

RN

88, 800
87,400
71, 500
71,000

143,650
124,170
101,770

NRRRRRRN

.178
246
»226

IR

..3?7_



. TABLE VIT C.

Spec. Spece T

Mo. Type 6 —Jfé Test /F

I -35 1 - - 25 114,500
-36 1 L . 25 119,500
=29 1 o S 25 113,200
-80 1 L 25 122,500
-81 1 . o 25 123,600

I -1 2 o =183 135,990
-15 2 —_ =188 131,400
~18 2 — ~188 124,600
22 2 _ =183 125,500
=30 2 — .. =188 120,000
=33 2 - =183 134,000
=34 2 _— . =183 123,000
-67 2 =188 124,680
~68 2 - __ =188 -
~13 2 o ... =150 155,980
-19 2 - . -70 139,100
-21 2 - — =70 132,500
-12 2 —_ . 25 129,900
-23 2 L — 25 ——
=25 2 25 -—

~ THE RESULTS OF TENSILE TESTS ¥OR STEEL C.

7/i.Y.

33,400
35,C00
34,000
33,550
34,100

118, 500
114,200

116,000

Y

117,085

-

90, 700
46,300
47,000
31,700
35,000

33,800 -

Tensile
Strength

62,300
65,200
63,000
63,400
63, 400

131,500
125, 300

129, 500
132, 500
134,000
133,000
129,250

e s

99,100
75,300

7,y 500
" 60,400

67,300

rd
1 ]
=
{ ]

\ng\m\h\n
\Q. -1 0N C2

L]

]

=N O EJ'\\'IN

[}
. .
o ~1 30 v Y P O

s

106,610
111, 590
109,280

-

Remarks

Fracture 3" from
min. diam,.

Suspected error in
fracture load 1

Suspected error in g
fracture load N

Specimen fractured

when load was un-
loaded

Specimen broken. Not
pulled for fracture
study



TABLE VII C. -~ (Continued)

-6 2 — - 25 - -- 33,800 64,100  -- .- -
S ) 25 - -- 33,800 64,300 == - -
-8 2 — 25 124,000 «9490 33,200 63,000 61.3 110,120 L2164
-6 2 - 25 ——— - 32,400 64,000 - - -~ Specimen broken,
pulled for fract
study
-65 2 — 25 - - 32,600 6/, , 800 - - --  Specimen broken.
rulled for fract
_ : . study
-66 2 — e 25 — - -— 64,250 == - ~~  Specimen broken.
pulled for fract
. : study
-69 2 - __ =25 — - — 64,000 39,5 - ~=  Not pulled for i
ture study
~70 2 — e =5 --- - 33,750 65,000 - - -= Specimen broken,
pulled for fract
study
=71 2 — e 25 -—- -- 33,300 64,500 5042 - -~ Not pulled for f
: ‘ ture study
=20 2 . 50 120,400 «9140 32,000 62,900 59.9 113,600 242
-29 2 . __ 50 120,000 L9040 32,600 62,500 59.5 109,900 ,220
=34 2 2 25 -188 139,000 0210 -—- 136,300 2.1 -- -
35 2 2 25 ~-188 136,500  .0250 -~ 138,200 2.6 -- ~-
552 2 2 25 -a90 133,000 L7750 64,100 78,600 53,9 125,080 165
-53 2 .2 25 -390 137,000  .8020 63,400 78,900 55.2 126,690 169
=4 2 2T 25 25 124,900  .8860 49,100 66,200 58,9 111,190 ,193
~4l 2 -2 25 25 122,700  JB460 49,100 66,200 57,7 107,110 172
25 -2 3 50 122,000 L8460 51,800 66,800 57.2° 102,620 .17
=33 2 2 25 50 121,500  .8360 50,900 = $6,100 56.6 109,450 .189
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TARLE VIT G. ~ (Continued)

5 25 ~188 — - —— - - —— -- Broke in gripe
5 25 =188 147,500 L0100 ~—— ——— 1.0 - -—
5 25 <70 137,900 JI5T0 Th,600 83,300 52,9 130,500 L.158
5 25 &0 135,200 7290 76,800 84,400 51.6 129,180 .145
5 25 25 120,100 JT5L0 63,300 71,400 54.7 110,690 - ,152
5 25 25 127,500 L3060 63,400 71,900 56,1 105,180 ,156
5 25 50 122,400 L8020 62,500 70,100 55,2 108,330 ,152
5 25 B0 121,000 8020 81,400 70,300 55,2 102,580 ,151
10 25  -188 154,500 0100 © —— 1.0 -—— --
10 25 =183 154,300 L0150 -—— 152,500 2.6 —— -
10 25 -70 136,800 L6760 84,700 89,500 49.3 129,460 ,122
10 25 S0 138,200 - 6680 84,600 89,200 48,9 123,400 = 101
10 25 25 124,800 J7320 73,800 77,200 52,6 112,650 .130
10 25 25 124,500 7080 76,600 78,300 51,5 113,250 .125
10 25 50" 126,000 7560 74,200 764300 53,2 110,250 127
10 25 50 121,800 JILTO 74,100 76,500 52,6 112,280 ,L133
1.9 25 =183 128,000 0420 ——- - 2.5 ——= --
5.0 25 -188 133,000 0600 - -—- 1.2 — -- Fracture next
2,6 25 -188 135,000 0890 -—- — 044 — -- fillet
10,9 25 -188 141,000 1170 --- ——— 0.8 --- -
14.6 25 -183 148,000 «1650 ——- -— 1.9 -——- -
17.0 25 =188 128,000 L1820 - -—- 0.5 - --
) 6.8 "70 -188 137’000 00900 - -
12.1 =70 =183 145,000 L1400 R— -
10,1 =70 =188 183_000 2220 - -

LAy =i g Rels] E o i ANV - F

39,6 =70 -188 168,000  .4110 - ——
Fract. =70 — 129,00C 8350 47,600 75,000 5647 —— ———



=50
-33

-88

76
{7
78
=79

-82

=35

=84

REE
|

NERN

NERRENED

B

-188

=145

75

-25

-188
~188
-188
~188
-145

~145
=110

TABLE VIT C. - (Continued)

125,900

137,800
122,000
109,470

114,480

120,190
148,090
150, 670

T Y

120,000

147,000

L0640

5720
»7110
. 7510

.0080
»0080
0120
L0050

.0150
+4590

115,000

76,600
23, 500
31,980

124,000

91, 700
73,200
62,300

-y

102,000

6.2

43.6
5049
52.7

0.79
0.63
1.19
0.49

1.63
35.1

145,930
127.610
107,260

-- Fracture 3/8" from
min. diam,

«163

.219

a1

- -
-

-

-~ Specimen broken in
mach-

- 90?! -
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TARLE VII Dr. - THE RESULTS OF TENSILE TESTS FOR STEEL Dr.

I'F

Test 4f%
25 128,000
25 130,000
25 130,70C
25 136,500
-188 149,020
-188 141,000
~188 148,000
-1¢8 151,90C
-188 149,270
~188 145,300
-188 153,900
~-188 142,000
=150 168, 860
=70 148,300
~70 151,500
25 135,000
25 129,100
50 130,000
50 127,600
-188 152,900
-188 156,800
=70 146,100
=70 145,000
132,300

23

dF_
.9C30
« 9200

L9570
1.0060

.1870
. 115C
1690
<9760

. 1940
. 1690

2210
Py R

L1630

-7850
<9210
« 9490
1.0070
-9490
1.0020
09760

.2230
« 2410
L, 8850
. 8640

29650

ﬁfL.Y=
38,100
37,606
383100
37,750

180,740

113,000
113,500
111,300

105,600
109, 800

100 8NN
LA g DAAS

109,900
85,000
47,500
47,100
37,100
38, 500
36,300
37,500

120,100
120, 800
60, €00
60,606
51,700

naile
nsile

Te
Strength R.A.

oo

66,900
66,400

122,200

121,900

123, 500
122,900

1572 ONN
ATy P

121,200
100,000
79,600
79,500
66,500
67,700
66,000
65,500

125,000
124,600
81, 600
81,300
69,900

-

61.6
63,7

16,9

N
N O
L] L ]
O\ OV

- @ L [ )

L 3

() [433 o I P bt
SOEREBFABGS
Wl QW NI v O

L

-

[ R R, I O ]
h4~1?2P’GJ
O 06 ~3~0

116,720
115, 500

o
-———-—
-

-

192,400

169,000
137,700
136,300
115, 560

115,680

113,260
112, 350

-195,400

195,500

© 136,060

135,5G0

115,430

n Remarks
« 208
207

-——
-

-~ Fractured 1/8" off
center
- 157

«202
214
206
«213
203
+208
205

«157
o157
192
o192
»187
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25
25
25
25
25
25

25
25
25
25
25
25
25
25

28
~J

25
25

25
50

50
50

~188
=188

~70
25
25

-188
-188
~70
~70
25
25
25
25

BN
Y

50
=188
-188

TARLE VII Dr, = (Continued)

132,000
126, 500
125,500

127,500
127,300

153,500
154,200

148,900
148,000
132,000
134,100
129,500

132,300

161, 200
151 800
145,000
145,000
132,500
131,500
127,200
133,200

13N ENnD

LIV AN

131,100
160,000
169,000

«9650
«9770
9840

#9680
«9290

«1800
« 1800

#8460
»8510

«9040

- «9210

9140
«9210

1800

<7850
766
« 8480
. 8260
8350
8760

s Jon M
«OJuN

8510
«2240
« 317

52,100
52,900

49,000

129,100
128,200

75,100

{A,gju

66, 900

66,300 °

65,400

65,000

138,000
141,800
84,200
86, 500
77,300

77,250

76,600

2 W0

IU, LAY
76,400

69,100
67,300
67,406

66,700
65,100

133,300
133,200

85,200
23,600
72, 500
72,606
70, 500
70,000

142,800
140,600
87,500
£9,100
78,900
80,400
78,00
77,900

g ENN
g A

78,000

-

1644,

53,6
57,2
5642
56,6
5844

7.1
e

5743
7.1

.

112,100
108, 690
108,030

109,200
110,280

190, 250

-

135,400

h b B g Tal

Log XA
106 720
111', 390
106,040
109,400

- -

133,440
136,590
115,400
116,120
114,740
112,380
112,210

12,210
114,200

-

+170
175
.166

177
»200

«123

«158

122
= 42

«120
«145
161
«152

-

146
o146
132
122
o132
+123
132

& -

138

_.gv [
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- TABLE VII Dr, - (Continued)

T2/ 00N 114N 10 1AM 190 4N 11 N TEN ~e P I

B L e AL g UG AJ.‘?,&U\J LA sV HM1ile U1l8He j/k“ Ir
fracture 0901 are
at dyp

152,300 46970 74,000 92,000 50,2 151,000 .215
142,070 8770 - 43,800 76,900 58,4 132,870 218
125,690 = L9110 35,080 64,500 59,7 112,250 .219

138,140 g0120 —— - 1=20 - -
140,020  .0090 -— ——— IR J— -
143,300 L0130 -—— ——— 1,27 me= -
153,420  .0160 cmm mme 1,61 eem g
115,000  .0260 - — —— 250 ea= | am
160,000 .5590 67,000 105,800 42.8 ——
-— == =es 96,400 25,2 — -
-e- -~ - 81,000 516 wmm o
—— - ——— 80,100 51,6  ~=- -



SpBCo

Spec.

TABLE VII Dn. =~ THE RESULTS OF TENSILE TESTS FCR STEEL Dn.

T

Tlg. Type € 7; Test /,'/F

N -4 1 - 25 128,800
-5 1 — . R5 128,800

-6 2 — . =188 169,000
-7 2 — me =188 161,000
-8 2 — —. =183 159,000
-9 2 — — =188 158,000
-16 2 — — =188 ——
-17 2 — . =183 -
-18 2 — .. =183 165,328
~25 2 —_ — =188 163,400
~26 2 —_ .. =183 167,200
=27 2 —_— e =188 168,400
~19 2 —_ — =150 165,116
-23 2 —_ =70 145,070

=24 2 — — =70 140,900
«15 2 —_ e 25 133,000
=21 2 —_— 25 132,400
-58 2 _— 25 128,800
-59 2 — 25 127,800
-20 2 —_— — 50 125,000
. ) 2 —_— 5¢ 130,000

K =36 2 2 25 ~-188 158,000
-37 2 2 25 -188 157,400
-34 2 2 25 =70 141,500
=35 2 2 25 =70 146,800
=32 2 2 25 25

126,000

- Tensile
~7K% < 1.Y. Strength R,A. J o -
1.C400 36,400 ——— -- 110,570 .228
1.0500 37,300 - -- 112,300 L,239
«3480 109,000 119,000 2947 -—— -
.3100 107,000 161,000 26,5 - -
.2810 108,200 122,000 - 24,6 ~——— -
2810 110,000 122,000 24.6 ——= -
4350 103,200 117,900 35.3 184,500 ,157
.3950 103,800 115,700 33.4 - -
«4290 105,500 119,300 34.8 - -
L4100 116,300 122,000 . 33,8 189,600 -
8000 84,220 98,500 55.1 159,200 ,17%
L9550 49,200 76,600 61.5 134,300 221
1.0170 46,850 73,100 59,3 126,900 ,216
1.0890 34,100 69,600 65,5 103,370 217
1.0910 36,300 61,800 L6.4 109,200 227
1,1060  35,0C0 60,907 45, - -
1.1020 34,800 (0,533 65,7 -—- --
1.0880 34,200 59,400 05,3 104,320 ,221
1.0610  39,10C 63,200 635.4 109,520 L2112
« 3200 - 120,000 27.4 T -
£ 3030 - 121,000 2&.1 -— -
+92900 -—- 75,300 £2,7 120,860 ,167
#9840 ——— 77,500 €2.6 133,220 ,207
1.0580 - 62,400 65,3 102,940 .179

Remarks

Specimen digcarded

Specimen discarded

_Og-



. N=33
=30
-31

Bl
=45
e
. =43
. =40

38
-39

M=h2
~53
50
-51
-4 &

]
'49

=46
=47

N=10
~11
=12

~-13

2y /A
-77

MMM RON DD

RN

NN

NMMuNMDMMN DN

NN

nMNN

ARV R, BV RV, AV BV AN ]

Y

25
25

25
25
25
25
25
25
25
25

25
.25

25
25
25
25
25
25

25
25
_5
25
25

|

25
50
50

~188
-188
-70
=70
25
25
50

50

188

=188
=70
=70
25
25
50
50

.188

-188
=188
-188
-188

~-188
-145

128,000

129,200
124,000

171,300
171,200
144,400
141,700
127, 500
124,200
120, 700
124, 800

169,000

167,400

140,800
148,100
120, 600
127,900
127,800
122,200

163.500
189,200
171,400
170,950
145,0C0

139, 200
158,200

_ TABLE Vil DPn. =~ (Continued)

1.0760
11,0360
9840

« 3590
« 9840

1.0360
1.0020

1,0130

. 3180
«2940
8740
3870
« 9570
1,000
«963C
9240

» 3620
4640
« 4840
W4370
.3070

«1590
. 7560

105,200
72,300

62,500
63,600
64,,C00

129,300
112,400
78,000
77,200
63,500
64,4000
63,200

64,100

132,800
133,700
82,900
85,400
68,100
67,900
63,300

68,000

127,000

134,000
135,000
143,000
145,000

118,600
92,000

6549
64—0 5.
62,6

3@.4
30,2
61.9
62.6
66.3
64.6
6343
6307

27,2
25.5

104, 890
106,720
106, 850

127,510
125,510
103,920
103,800
100,850

102,070

129,040
130,970
105,110
105,200
106,400

| 106,290

155,400

152
«191
.184

.178
JA72
JA75
+ 172

.159

_'{g..



§=75
-76

N~-1
-2

~54
=55
~56
=57
~68
~72

=70
=71
-69
-73

2 (1)
2 (1)
3
3
3
3
3
3
3
3
3
3
3
3
3

FEVTELLED T

ARRIRRRRRNRRR It

[TH

~75

~188
=188
-188
-188
-188
-188
-188
=145
=110

~75

~76
27.5
26

«8580
+9390

0060

0170
.0070
<0160
L0120
0230
.0120
.1920

464500
37,000

—

80,000

-
——
- -

-

76,700
62,700

106,300

94,700
93,900

67,900

57.6 .133,520
60.9 107,800
0.8 P
1.6 -
0,7 ———
1.61 ———
1.36 ——
2.23 ——
1.20 -
1705 —
43.3 -
490 ! m——
504 -

53- -

247
»209

— eg —



TABLE VII E. - THE RESULTS OF TEvSILE TESTS FOR STESL E.

Spec.  Spec. T Tensile
No. Type € 7 Test Ty JF 7 1.7, Strength R.A. 7o n Remarks
R-1 1 o 25 116,400  L82A0 32,000 63,750 57.0 111,150 .218
-2 1 — e 25 114,C0C  .8250 30,500 63,900 55,7 108,850 .204
-7l 1 o 25 114,600 1,0410 27,200 55,000 64,6 ——— ——
-75 1 o 25 113,700 .9500 27,450 56,780  61.3 -— -
R =/ 2 —  __  -188 121,070  .033C 116,500 125,000 3.2 -—- -
-5 2 S ¥ 128,000  .0050 - 127,000 0.5  -=-- -
- 6 2 . ~188 121,300 .0300 118,000 127,800 2.7 -—- -
~13 2 . ___  -188 122,330 .0620 111,300 119,500 6.0 -—- -
-1 2 —  ___ =188 119,800  .0450 112,700 120,500 A - -
=45 2 — . =188 121,600 L06%0 109,500 115,100 6.6 - -~  Fracture 1/27
: min. dizmeter
=48 2 . =128 118,700  .0440 108,600 114,000 443 -—- ~-  Fracture 1/8"
min. diameter
-3 2 . =150 158,000 L6510 86,730 101,500  47.8% 151,700 134
wlidy 2 e =m0 129,100 .9290 40,700 68,400 60,5 117,720 ,209
-46 2 . __ =70 128,600 - 1.0020 40,000 65,700 63,3 116,650 ,228
12 2 . 25 112,000 9090 28,700 58,400 59,3 102,630 .226
-16 2 — 25 117,000 1.0130 29,000 55,600 63,7 99,600 ,229
~10 2 —  __ .50 112,000 ,9650 27,600 56,500 @ 61,9 101,100 L235
-17 2 o 50 112,000 .9650 27,100 57,000 61,9 100,100 187
R =30 2 2 25 -188 145,800 L0040 -~ 145,000 0.5 —— =
=31 2 2 - 25 -188 145,800 L0040 -~ 145,000 0.5 ——— me
-0 2 2 o5 . .m0 133,700 ,9210 55,800 71,400 60,2 117,150 .177
=41 2 2 25 - - =70 132,200 8530 55,700 72,300  57.4 119,650 183
=50 2 2 25 25 7 108,000 L8260 42,600 61,400 56,2 101,160 ,181 .
~51 2 2 25 25" 109,800 ,8530 43,000 61,500  57.4 101,240 180



~18
~19
~20
-21
~34
~35
-36
=37
-25
=22
=23

-38
=39
-32
-33
-26
-27
~28
-29
-52

Y g}
o~ A

-7
~11
-8
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MmN NNNNMONN

e

NN

(LA RS AU R RE RV RE .U N

109,400
110, 5C0
111,500
111,100
139,200
139,200
122,200
136,700
113,800
109,900
111,500
110,100

124,900
126,000

TR ‘a¥al
L334 G

129,600
109,000
109, 000
113,200

108,200

10g 100
Dy ks

126, 600

140,000
149,900
161,000

TABLE VII E, - {Continued)

.8890
« 9080
» 9290
1.0170
.0000
0040
.8100
«9290
9390
»9040
«9630
«9290

.0990
.0120
8440

.8170

<7940
<7940
8350
L8870

jolaVAN)
[ Wit and

.0510

1510
+3010
« 3400

47,100
46,600
40,000
41,300

-

69,800
68,600
55,000
55,000
52,500

51,750

Lo 7 a Vel
iy Dy

78,600
65, 300
69,800
69,600
62,800
£3 EOD

Wy S

58,300
58,300
56,100
55,400
139,200
137,500
78,000
74,y 900

£

o1, 50U
61,600
58,000
56,900

125,500
126,500
80, 300
82,800
66, 500
71,500
71,400

64,,000
L1 BND

g e

59.1
59«7

o O
PR
O\

O

*

D w00 W O W N

Oy O O O\
NE—'\@ DQOoOnmO
-

96,820
95,350
94,200
91,220

123,500
114,500
95, 660
95,650
92, 760
95,805

-

L Talil e Ta¥al
Ledd g QU

120,700

-

92,014

102,000
100,800
9,670

Qb DTN

P R Ay

!
wt
EoN

i

Specimen discarded

Fracture 3/32" off
center



TABIE VIT E, = {Continued)

R =95 2 (1) __. —— e R —— - -—- -
=91 2 g’r) S S5 139,000 L6680 73,600 87,800  48.8 143,800 .117
“90 2 (1) . -75 126,520 7550 44,200 72,500 53,1 125,660 ,220
~93 2(T) ___ __ 25 112,590 .4330 29,550 60,000 56,2 106,320 .232

R =70 3 o -188 140,230  .0073 - - -— —— -
-71 3 - -188 102,820 0055 —— _—— - -
-72 3 - -188 125,980  .0105 - - - ——— -
-73 3 . -188 148,620 L0049 — .- . — -

R -87 3 . ~1,5 111,000 .0150 T 1.6 _— -—
288 3 T -110 141,000 L4480 81,000 100,600  36.1 - -
=86 3 e =76 e-- - --- 89,800 36, ~-- -—
=89 3 Y = - - --= 89,100 37, - -—
-8 3 __ __ 2705 === - --= 63,800 39, == -
~85 3 — 25 - - .- Re- -, -m- -

- GG —~



TABLE VII H. - THE RESULTS OF TENSILE TESTS FOR STEEL H.

Spec. v/ T _ Tensile :

Lype f“' = Test ﬁ' J F 7 LY. Strength RaA, J/O n
2 _— ~188 144,270 1920 109,870 119,600 17.5 186,100 .15}
2 —_— -188 152,500 L2740 109,500 119,000 24,0 182,200 .147
2 _— -150 167,580 .8750 83,290 94,400 58,3 152,830 .173
2 (1) — -188 141,000 L1860 110,000 119,500 15.3 -— -
2(T) — __ -145 154,000 7930 73,300 88,800 55,0 145,650 .18l
2 (1) o -75 137,690 .9160 43,500 73,600 60,0 125,320 ,208
2(T) o 25 119,190 .9940 31,300 59,800 63.0 102,650 .206
3 —_— ~188 154,640 ,0120 === -- 120 e -
3 —_ -188 151,130 .0120  --=- - £ -0 J— -
3 - <188 147,420 L0140 === - 1036 e~ -
3 - -1828 151,960 .0120 @ --- - 1420  we= -
3 —_ - -145 138,000 .1330  =-- - 12,4 — —
3 - -110 155,000 .7100 71,000 97,000 5146 - -

"'9§"‘"
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TABLE VIII., - THE FRACTURE DATA FOR TENSILE SPECIVENS
TESTS 6, 7, AND 8%

Steel 4,

No, Temp, Test. Fracture Prestrain

C =45 25 c=C G
- L6 25 c =0 0

C = 25 ~188 gre (star) 0
- 26 =188 gr. (star) o
- 24 ~70 c-c G
- 19 25 c=c 0
Al 48 c = 0

Ce11 -188 gr, 2
- 12 -188 gr, 2
- 31 =70 gr. (star) 2
- 32 «70 gr. {star) 2
- 29 25 ¢ =c 2
- 30 25 c=-c 2
- 13 48 c -~ 2
- 14 L8 c = 2

C=- 7 -188 gT. 5
b 8 -188 grc 5
- 35 =70 gre {star) 5
- 36 -70 gr. (star) 5
- 33 #25 c-c 5
- 34 25 c=c 5
- 0 48 c~c 5
- 10 48 c=-c 5

C =~ 15 =188 gre 10
- 16 =188 gr, 10
- 39 =70 gr. (star) 10
- 40 =70 gr. (star) 10
- 37 <5 c-c 10
- 38 25 c=c 10
- 17 48 c-c 10
-~ 18 48 c - C 10

Steel Br.

B - 55 25 c =0 0]
- 56 25 ¢ ~c 0

B - 3 "188 g‘.t‘. O
- 12 -188 gr. 0
- 15 -188 ETs 0

¥c - ¢~ Cup and Cone
£ - Granular - cleavage

gr, (star)-Granular Star



Steel Bn,

| J S SR T S N S N T |

[ O U T T I N N |

22
20
13
17

33
3k
31
3R
29
30
27

2

28

41
42

39
20

37
38
35
36

A9

47
48
45

43

- 59 -

TABLE VIII. « (Continued)

-188
-70
25
50
-188
-188
~70
-70
25
25
48
48

-188

-188"
=70
=70
A25

25
25
25

-188
~188
~188
-188
~188
~188
=70
25
25
50

o
]

o000 O0

0Q 0000

O 00000

o]

g, -

ET
el
ar.
g .
gl

a QG
[ I T

(étar)

{star)

Q0 00

NN OO0

(LR BN, RE AN, 2SRV AN, ]

= b e e
cobobibb

OO OOO0OOOCO00 Qoo
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TABLE VIII, - (Continued)

~188
-188
~70
25
F25
50
50

«188
-188
~70
=70
25
25
50
50

~188
-188
«70
~70
25
25
50
50

-188
-188
-138
-188
~188

25

50

~188
-188
=70
<70
25
25
50

gre
24 4
BT.
gr
24 9
c .
C -

24 o
241 g
24 oY
g

o006
1 1t

L]

o000

0 Q

o0 0aq

{star)

o 2 + ]

0000

o]
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(star)

Q0006

NN N
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o
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Steel Dr.

K

K

-

59
56
57
4,
45
46

47

- 63

T & F 1 3

| T TN T S R B N |

61
48
49
50

fnla ]

pE N

60
61

11

46
47
L4,
17
12

20
23
22
52
53
32
33

35

~L
<0

27
24
25
38
39
36
37
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TABLE VIIT., = {(Continued)

-188"

~70
=70
25
<5
50
50

-183
=188
~70
-0
25
25
50

=y

50

25
25

-188
-188
~188
=18¢
=70
25
50

-138
-188

e
-l

~70"

25

25

50

50
50

100
- 100

~188

70

=70
25
25
50

ETs
El
gr.
c -
¢ -

c
C

ETe
Ers
gr,
£l
c =

¢ -
¢ =
¢ -

000000~

(star)
{star)
c

0O 00

(star)
(star)

[¢]

O 00

(star)
{star)

Q

(e T ¢ B

A RV RV, SE AN, RV AN, |

10
10
10

-10

10
10
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Steel Dn,
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40
41
42
43
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TABLE VIII.- = {Continued)

=148
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25
25
25
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25
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TABLE VIII. ~ {Continued)

Steel E,

R - 74 ' 25 cC = C
- 75 25 c-c

R - 13 ~188 gr.
- 14 -188 g,
- 4B =188 gr.

R - 30 -188 gr, 2
- 31 -188 gr. -2
- 40 =70 c=-c 2
- 41 =70 c-c 2
- 50 25 c - 2
- 51 25 c=-c 2
- 18 50 e -c 2
- 19 ' 50 cC = C R
- 20 50 c=c 2
- 21 50 c=c 2

R - 34 -188 gl‘. 5
- 35 “188 BT, 5
- 36 =70 Er. 5
- 37 =70 C =0 5
- 24 25 c~C 5
- 28 25 ' cme 5
- 22 50 c ~-c 5
- 23 50 c~c 5

R -~ 38 168 gT. 10
- 39 -188 ©ogr. 10
- 32 ~70 "t e =c¢ 10
- 33 =70 ’ c=-c 10
- 27 o fe2s ¢c-c 10
- 28 t25 ¢c=c 10
~ 29 - 25 c=-c i0
- 52 50 c-c 16
- 53 50 N 10
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TABLE IX., - APPROXTHMATE TEMPERATURES OF TRANSITION FROM
FIBROUS TO GRANULAR FRACTURE FOR TEI'SILE SPECIMENS
TESTS 6, 7, AND 8

Steel Pregtrain Transition Temperature (T)
0 -700¢ > T > -188°C
2 26°%C> T > -70%
5 25% 3 T > ~70°C
10 28%c > T 7 =709
0 ~70°% > T »r -188°
2 ~7000®» T > -1889%C
5 -70%C> T P -188%C
10 ~70% > T > .188°C
o) ~70% > T > -128%
2 0% > T > -188%
5 ~70°% > T > -188°%C
Bn 10 -70°C > T >-188%
0 250C > T
2 259> T T» =70°%C
5 25%c > T > ~70%
10 259%C > 1 > =70°%€C
br o 250> T > -7ogc
Dr 2 250> T =700
Dr 5 25°C > T > -70%C
Dr 10 2500 > T > -70°%C
Dn C ~70% > T > =188
Dn 2 -70%0 > T > -1889C
Dn 5 -70°C > T > _18836'
Dn 10 ~70°C > . T > -188C
0 —tem
2 =700C > T > =188°%
5 = =70°C - o
10 ~70°C 3 T > «188°C
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INNER CONTAINER
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FIG. 4 FIXTURE FOR LOW TEMPERATURE
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Fig. 5 - Photograph of Diameter Gage
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X 100,

Fig. 16 = Photomicrograph of Internui
Location B.
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aphs of Internal Crack in Tension Bar - Steel C.

.

2l

Fig. 17 - Photomicro

X 250

Location B
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Fig. 18 - Photomicrograph of Internal Crack in Tension Bar - Steel C.
Location C, X 100,
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Fig. 19 - Photomicrograph of Internal Crack i
Lecation C, X 250,

n Tension Bar - Steel C,
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Fig. 20 - Photomicrograph of Plastic Distortion

shead of Crack in Tension Bar -

Steel C.

X 250,

location A,
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APPENDIX A

In the study of the fracture characteristics of ship plate, it became
apparent thet certain of the alloying elements, vwhich were present as residual
elements or as a consequence of the deoxidation practice, had an appreeinble
effect on the fracture behavior of the steels. A study of the fracture charace
teristics of ailoyed ferrites, therefore, appeared to be desirable, Alloyed
ferrites; which werc available, were studied in a slow bend test and in a non=
standard impact test.

Alloyss The compositions of the ferrites available for study are listed
in Table A~I {33)., These alloys were prepared by The Westinghouse Electric

Comprnny from hydrogenwannealed electrolytic iron and highepurity clements.

of purified dry hydrogen. The melting was done in mognesia crucibles. The
molten iron was cllowed to freeze in the furnace, was then rehested to just
abtove the melting temperature, ovacuated, and agnin allowed to freeze. The
ingots were forged and hot-rclled and finnlly ground to 3/4 inch and 5/16 inch

diameter bar stock.

Preparation of Spegimenss Schnadte=type slow bend test bars were prepared

[ TN
LWL V]

bar dimensions were: length, 2.165 inchesy height, 0,625 inches; and width,
0.415 inches. The notch was the 0,0015 inch root radius pressed nctch, This
specimen is dingrammed in Figure A=1,

Because of lack of mnterial, standard typc impact bars could not be
prepared. For convenience, therefore,cylindrical impact bars were prepared

from the 5/16 inch diameter stock. This test bar is diagrammed in Figure A-1,



For purposes of comparison, comparable impact bars were prepared from the project
steels, and were oriented with the long axis in the direction of rolling. These

specimens were tnken from the center of the plates,

Testing Procedurc: The slow bend bars were tested on a 60,000 pound tensile

testing machine in the monner deseribed clsewhere (4)s The specimens were ime
mersed in~h‘témperature—controlled bath for o period of ot leanst four minutes
beforc testing in order to insure equilibrium conditions. The specimen was then,
broken and width chonge monsurements mado at the’ pin and the percent fihrous
- fracture estimated.

The cylindrienl impact bars were broken in a pendulum machine with a striking
velocity of 12 feet per second. The energy absorption was recorded and the per=

centage of fibrous frrcture surface wos estimateds

Presentntion of Datay Plots of energy chsorption, lateral contraction, and
percent fibrous fracture are presenteds From thesc curves, when possible,
appropriante temperntures have been selected for comparison purposes and tabulated,
Photographs of the broken slow bend specimens and photomicrogrophs of the micro=-

structures of portinent alloys are prosented,

Experimental Results

In order to isolate the effects of the various alloying clcments, in examin-
‘ing the fracture characteristics of ferrite two important . conditions must be met;
namely, grain size must ‘be controlled and the alloys must be single phase, These
restrictions pose somc difficulties, all of which havc not been satisfnctorily
solved,

Some of the alloying elements are groin refiners, while others are not, For
this reanson, adequrte contrcl of grain size wns obtained only for the materisls

of highest nlloy content, Thore nre exceptions to this, ns may be detcrmined
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from an exsmination of Table A-II, Because of the grein size control problem,
slow bend tests were run only on the alloy-rich materials, with the exception of
the cobalt serises vhich will be discussed below.

From the photomierographs presented in Figures A=2 to A=7 it appesrs that the
alloys, with the exception of #10 (7.25% Mn), are single-phsse alloys., An exami-
nation of the appropriate equilibrium disgrams indicates thst alloy #4 (4.23%. Ni)
constitutes the only other possible exception.

The probable grain sizes of the ferrites are listed in Table 4-II.

Slow bend tests: Initial results of slow bend testing indicated that cobalt
probably hﬁd iittle or no effect on the fracture characteristics of the ferrite
over the range df compogitions available, Since the cobalt alloys were of constant
grain size; this made possible the prediction of the fracture characteristics of
high=purity ferrite by extrapolation, The slow bend test data for the cobalt
alloys were obtained and are presented in Figﬁres £-8 to A=16, Transition tempera=
ture data are summarized in Figure 4-17. On the basis of these data, the tempera=
ture characterizing the transition from fibrous to granvlar fracture for pure
ferrite of grain size ASTH #5 has been taken as O°F, It is emphasized that this
temperature is significant only for the test bar under examination and for the
testing velocity used, and for iron deoxidized to the same degree as the cobalt
 alloys.

The test results for the remaining alloys studied are presented in Figures
A-18 to A-29. Trensition temperatures taken from these curves are listed in Table
A=II. Data for manpsnese slloys are not presented since these alloys were brittle
at all temperatures of testing employed. No conclusions can be drawn because of
the uncertain transition temperatures for iron deoxidlized to the same degree as
in aach alloy, and because of the uncertain effect of grain size in this test.

Making some allowance for grain size, one suspects that all the alloying elements



- LA -

except cobalt raise.the fracture appearance transition tempsrature,

With reference to the manganese alloy, it might appear that the existence.
of a two-phase structure would lead to a brittle condition for the alloy. This
conclusion, however, may not be warrented as may follow from an exgmination of
the structure of. the nickel alloy. Further, the hardness of the manganese ferrite
was R, 35 and this factor might be resronsible for.the brittleness of this elloy.

The criteria of lateral contraction and fracture appearance are not in
complete agreement in indieating the transition from brittle to ductile fracture
for some of the alloys studied.This is.contrary to the results obtained for the
ship plate steels which have been studied in this work, Thus for the 4.83% Nij
alloy, the transition for fibrous fracture is at -25?F, wh;le that for lsteral
contraction is at =55 F. For the 4,63 Cr slloy, however, the transition in
fracture type is at -75°F, while that for lateral contraction is at -BOQF,, buﬁﬁ_‘
these dats for the chromium allpx?gre questionable.

The two criteria are in full agreement for the c?bg;i alloys and for the
molybdenum alloy. For the silicon alloy the transition in frgcture is reported
at 90°F while that in latersl contraction is at #15°F.

It is evident that binary ferrites could profitably be studied further.

Impact Tests: On the examinatlon of the data for the impaet specimen used, L

it ig immedistely evident that an attempted numerical evaluation of the transition
curves may lead to very real difficulties. This is especially:solfor the dats
obtained for the project steels and presented in Figures_A-BO to A=-51,

The trarnsition data for the energy absorption values progress regularly from

These progress irregulerly from the maximum value to. the minimum value through
the trensition range. The transition ranges in fracture type and in energy

absorption aoverlap.but are not coineident,
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A point of particular interest is the relative evaluation of steels A and C.
These two steels were not separable in the earlier impsct testing program. By
energy absorption for the round test bar these two steels are clearly separated
and in the proper direction., However, from a consideration of the energy absorption
data for the other steels this separation must be considered as fortuitous. The
transition in fracture type for steels 4 and C on the other hand are in qualitative
agreement with the earlier results,

An exemination of the summary of the impact data for the project steels for
the round impact bar indicates that these data are very difficult to evaluate,

Thus the order of merit of the steels is entirely different from any heretofore
obtained., Further, the transition phenomens as determined from fracture appearance
ere evaluated in an order different from that by energy absorption, For test
materials for which the two transition eriteria are in disagreement, this round
test bar mey be used only with major reservations. When the fracture criteria for
a given material are in full agreement for this test bar, the data probably have
qualitative significeance. Further use of this size round test bar would appear

to be inadvisable.

‘The'impact test transition dsta for the elloy ferrites are presented in Figures
A-52 to A~57., Numerical values taken from these curves are given in Table A-II,

In these figures the curves through the “X" points are for low alloys; those
through the filled circles sre for high alloys and those through the open circles
are for intermediate alloys.

From the immediate juxtaposition of the fracture type and energy absorption
curves it is indicated that here, 4in contrast to the behavior for the project
steels, the transition criteria are in relatively good sgreement, with the

exception of the data for the 4,83% Cr ferrite,
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The date for the ferrites are of uncertain significance quantitatively, but
qualitatively they reveal thet the respective alloying elements have markedly
different effects on the fracture characteristics of ferrite, Thus, both nickel
and cobalt tend to lower the temperature of transition from ductile to brittle
fallure, In the consideration of these data an excellent indication of the.
sensitiveness of the test to grain size is given for the nickel series, where the

respective grain sizes for alloys Nos. 2 and 3 are ASTM Nos. 6 and 3. The action

PO N R [y R, P o . = PRy, [N R, [ - gy an Lo o e ek~
of the increassed nickel content is completely concealed by the change in grain
size,

On the other hand, the grain size for alloys Nos. 11, 12 and 13, the cobalt
alloys, is consistent but is larger than tbat for the nickel alloys Nos. 2 and 4,
and somewhat smaller than that. for alloy No, 3. It is not anomalous then that
the transition in fracture, characteristics for alloy No. 11 should lie at the .
apparentiy high temperatura.

Some degree of regularity is introduced by correcting the observed transition
temperature for the effect of grain size, The correction used is 30%F per grain .
size number. This correction is suggested by the work of Hodge, lMamning and
Reicihold (ref. 34), who found this effect of grain size.in unalloyed and nickel-
bearing ferrites in the keyhole-notched Charpy impact test. It is of coq:se
uncertain that the same correction WOu}d'applynfor_the test bar used here,: 4
plot of the corrected transition temperature vs..percent alloying element is.

presented in Fig, 4-58.

The data suggest, but eertainly do not clea:ly indicate, that elloying elements

Mn

:

and Cr would be effective in tying up the C, 0 gpd/pr N and perhaps in this way
lowering the transition temperature so that the larger amounts studied are on the

ascending curve. It may be that Ni and Co are very ineffective in reacting with
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C, 0 and/or N, and so even up to 8% are still lowering the transition temperature,
Extrapolating the Mn and Cr curves, unalloyed iron (except for residuals) might be
said to have & transition temperature of about -100°F. at No. 5 grain size. The
transition temperature so measured is at ﬁariance with the transition tempersture
1ndicatéd‘uy extrapolation of the data for Co, Ni and Mo by a difference of about

200°F, It is conceivable that the residual elements {in particular gaseous

elements) could account for this diserepancy.
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Table A=-I

" Compositions of the Binary Perrites (33)

e P S8 . G W M Stz

0,02 010 ,013 ,005 L,004 0,032 0,003
.03 010  ,011 005 004 0.57 .003
.02 010,015 005 004 1.25 .003
02 010 L0156 L05 004 4a83 003
.03 011  .011 L0058 004  .032 C.4%
.02 010 013 005 004 034 0,99
.03 012 015 005  ,004  .023  4.83
,02 010 014 005 004 032 .003
06 011,020 005 004 +030 .003
.03 012 022 LD05 004 .035 .003
.02 012 014 0.52 004 037 .003
02,010 .019 1.00 004 043 .003
L2 ,012  .015 5,08  L,004 .08 003
.03 012,015 006 L0004 .033 .003
-02 cﬂll 0018 0005 . UOOZI- 0032 0'0‘4'5
.02 010 012 L£05 004 055 .003
.03 010 0L, 005 0,11 .05  .003
.03 010,014 .005 0,54 .023 .003

<04 011 .04 005 1.50 016 .003



Tablie A~II

Transition Temperatures of the Iron Binary Alloys for
the Slow Bend and Impact Tests by the Indicated Criteria

Transition Tempersture -°F 504
ASTM SLOV BEND CYLINDRICAL IMPACT IMawimum Correction Corr

Alloy Alloy Grain 50% Fibrous 50% Maximum 50% Fibrous Energy  to No. 5  Tran
o,  Content Size Fracture Lateral Contraction Fracture Absorption Grain Size Temr

2 0.5 ML 67 132 ‘3{ f!ég

3 L5 i 3 -22 ~100 #75 -
L 4.83% ¥ 7-8 =5 =% ‘- #45

5 0.45% Cr 67 10 10 -75 -

6 0,99% Cr  2-3 7% "5 £73 1
7 4.8% Cr 7-8 =75 -30 29 -16 -45 -
& 0,69% lin 3g4 49 -4 /;30 -
7 1.33% ln 10 150 3
10 7.25% ¥n 10 RT RT %{é ?_67 0 ]
11 0.52% Co 5 122 120 0 1
12 1.006 Co 5 30 30 0

13 5.08% Co 5 10 10 -0 -0 -30 -
1 0,226 51 4 A4 -31 #

15 0,59 Si g 162 110 #30 i
16 1,214 81 6 g0 15 59 55 45 :
17 0.11% ko 67 70 72 #60 ]
18 0.54% Mo 7 205 165 AL5 ‘
19 1.50% Mo 67 25 25 -
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h=26
A=27
A-28
A-29
Figures A-26 to 4-29: — The Fracture Lurfaces for Slow Bend Specimens -
Selected illoy Ferrites, About X1.
Fipure A-26: - L.33% Ni Alloy Fipure A=28:

: = 1.21% 51 Alloy

Figure A=27: - 4.83% Cr Alloy Fipure A-29: - 1,502 Mo Alloy



ENERGY ABSORPTION - FT. LBS.

70

60

50

40

30

20

_—_' -
o

- ¥8tT -

0 80 120 160 200 240
TEMPERATURE - °F

FIG. A-30 SUMMARY ENERGY ABSORPTION VS. TEMPERATURE
FOR ROUND IMPACT BAR — AVAILABLE PROJECT STEELS



S
3

{
[

\

I
o

(]
o
AN
1
i

VL

ENERGY ABSORPTION—FT LLBS
y
N
[s]
X
N
4
ENERGY ABSORPTION—FT LBS
H
(o]
N
Q

20 / — — =

N Ay [-Ta) 120y [T-Tq) TaTs ] AN - -
o =S p=Lv = owv ANV L= ¥ . =LV

TEMPERATURE —°F

<
Q

A an 120 180 200 240
= LAl [lat¥ S Lt

TEMPERATURE — °F

FIG A-31 ENERGY ABSORPTION VS TEMPERATURE - STEEL A FIG. A% ENERGY ABSORPTION VS TEMPERATURE - STEEL Br

Wi

70 0 ‘1 e ;
) i
a o
o |
- -
: L
E 50 = - 5 _
: <o /‘ z
z P A © :
Q40 © j—" - - 40 - t !
E / e & :
nd e |
(o] / o ] |
@ 30 ot BN m 30
- = N
Q > °
- O ‘ 5
R TS . I -
[ #7) i —
s zZ 0
]
Z ud
o jof— 4 ;
Bn c
- A ™ A o 7~/ a9 fnTa ¥ = V. Tal P joniipiny
4] 40 8] &g [=18] (5.8 o ) P 8] -40 80 200 240
TEMPERATURE — *F TEMPERATURE —°F

FIG A-33 ENERGY ABSORPTION VS TEMPERATURE - STEEL Bn FIG. A-34 ENERGY ABSORPTION VS, TEMPERATURE - STEEL G



ENERGY ABSQRPTION—FT LBS.

ENERGY ABSORPTION—FT LBS.

70

8
5 ’ T o
o/
8
3
30 —
201~ -t
e -
Dr
| I :
-80 -40 0 40 80 120 160 200 240

TEMPERATURE —°F

FIG A-35 ENERGY ABSORPTION VS TEMPERATURE - STEEL Dr

70 ]— : |
o] L o
50| -
, i o
40— ¢ . + ——
i o |
. I (=} ! v 0o
30 ! A
! o ;
|
20 - |
) / L@
8
o]
I /" - ‘
o~ : E
i
-80 -40 ) 40 80 120 18O 200 240

TEMPERATURE —°F

FIG. A-37 ENERGY ABSORPTION V3. TEMPERATURE —STEEL E

ENERGY ABSORPTION —FT LBS.

ENERGY ABSORPTION —FT. LBS.

70
ol—
50—
40
30}
2
10 o * .

e : 7

l ‘ Dn
\ ;
-80 -40 0 40 80 120 160 200 240

TEMPERATURE —°F

FIG. A-36 ENERGY ABSORPTION VS TEMPERATURE - STEEL Dn

70
60
50
4 T
[
]
o ° B/
30 /3 oo
t//g
20
o 1o
o
10
H
-80 -40 ] 40 80 120 160 200 240

TEMPERATURE — °F
FIG A-38 ENERGY ABSORPTION VS, TEMPERATURE - STEEL H

- o2



ENERGY ABSORPTION—FT LBS.

.
eok— I
50
40 f !
o ol
| o 8
30 e ‘{
o '_____.—-—-‘ o I
o o o 9
2 w0
1]
i
10 T
N

-80 -40 o 40 80 120 160 200 240
TEMPERATURE —°F

FIG. A-39 ENERGY ABSORPTION VS TEMPERATURE - STEEL N

ENERGY ABSORPTION—FT LBS.

70

60
4
50 =
(=]
=] o
W
40—
[4] /
o /{
30 -
7
A
20 L4 o T T
=3 i
i
10
| Q
! l
“80 -40 0O 40 80 20 60 200 240

TEMPERATURE —°F

FIG. A-40 ENERGY ABSORPTION VS, TEMPERATURE -STEEL Q

ic0

@
o

(@]

-

N

% FIBROUS FRACTURE
3

n
o

FIG. A-41 SUMMARY, FRACTURE APPEARANCE VS TEMPERATURE
FOR ROUND IMPACT BAR — AVAILABLE PROJECT STEELS

-y



071331S - UNLVEIANTL SA FONVHYIdAY IUNLOVES Sh-v BIE|

4, — 3UNLvHdIgnTL
08

orZ 002 ov 0

-224 -

| — Joz

+— —10F

—408

‘A_OO_

48 TI31S - FHNLIVHIWIL SA IDNVHYIddY IHNLOVES St 914

d. — 38N1IYH3dNGI L

Ore 002 09l 0c| 08 Otr 0

o

I

@ |

|
o

0) 4

og

-00lI

pA

3dNLovd3 snoddld

%

JHNLOvHS SNOoHgI4

U8 T1331S - JUNIVEEdWEL 'SA AONVHVIGY IHNLOvY,

Jo — FHNLYE3dW3LL

4 #H-¥ DI

Ov2_ 002 09 02 08 _OF O  Ob- 08-

| _
“8 7 \\\pL\q

I I : et SN O G

- | — ——ot

—_— —— _ . Ow

I : “ Hos

M
- -Jool

V 1331S - 3YNLVHIdW3L SA FONVHVIddY 3HNLIOVEd Zb-v Oi

4, — 3UNLvH3dW31L

o2 002 o9l Q2! o8 Ot o] Ob— 08—
| T |
H ” _
i 1 : ! ot
- \J_.mc.. 8
; ﬁ
| |
P ﬁ o8
/S .W
o 00l

IHNLOVHA SNOHBId %

Zs

3HNLDvYH4 snoydld



100 o

™

‘E 1
= / .
[®) |
Q / ]
@ ) I |
b_ H [T p— e a ‘
T |
0 / f |
2 i H i
Q : X | i
19 40 e s QL :
9 ! i
IS : o / . .
N 20 ; ‘ | i |
° ; e i ! :
. ° ‘ i : : . Dr
| L o i
—80 40 0 40 80 120 60 200 240

TEMPERATURE = °F

FIG A-46 FRACTURE APPEARANCE VS TEMPERATURE - STEEL Dr

100

ye

u | )
o |
D R S l - Wl
}_ 80 —- - — -t ‘- - . 1/
Q : :
< ;
= :
60 : 7o
" ‘
o a
2 /
o 40 7
[
> 20
E . c| o © i E
i Te i
-80 -40C 0 40 80 120 160 200 240

TEMPERATURE — °F
FIG. A-48 FRACTURE APPEARANCE VS TEMPERATURE -~ STEEL E

% FIBROUS FRACTURE

% FIBROUS FRACTURE

100 | I

! ; Dn
| | i
120 160 200

40

80 240
TEMPERATURE - °F

FIG. A-47 FRACTURE APPEARANCE VS TEMPERATURE — STEEL Dn

N
O
B
100 T 1 I T 7 o
T T T
. ‘ i 1 :
80 // | -
60 S / . :
40 - f 4 — :
- / o |
20 ' / : : !
L’c"‘/{ ; : H
] i i ; L
—-80 —40 0 40 80 120 60 200 240

TEMPERATURE — °F
FIG. A-49 FRACTURE APPEARANCE VS TEMPERATURE - STEEL H



FRACTURE

FIBROUS

%

FIBROUS FRACTURE

o
[+]

~R4A -

100 /ﬁ‘__t
8o} - //
J /
|
-
a0l /.,
. 7 o
20 e
/ N
[¢] P
—-80 -40 0 40 80 120 160 200 240

TEMPERATURE — °F

FIG. A-50 FRACTURE APPEARANCE VS TEMPERATURE - STEEL N

80 //
m . - R
40 /G/ -
20 7
[s] [s]
1O o]
o Q
-80 —-40 0 40 80 i20 160 200

TEMPERATURE — °F

240

FIG. &-51 FRACTURE APPEARANCE VS TEMPERATURE - STEEL Q



% FIBROUS FRACTURE

RGY ABSORBED - FT, LBS.

ENE

100 o
50
0
75
3/
0 : et |
=75 -50 -25 o) 25 50 75

TEMPERATURE -*C

FIG. A-52 FRACTURE APPCARANCE AND ENERGY ABSORPTION VS,
TEMPERATURE FOR ROUND IMPAGT BAR
NICKEL ALLOY FERRITES

% FIBROUS FRACTURE

ENERGY ABSORBED - FT LBS.

100 o T > ¥
e
/
/
50 !
{
!
b
/
/ o
0 Fo P . .
L ]
75 A
oo — /
- —— ~
o,c’/ o= o//
/ .
50 ;! ’/
] /s .
l' ./ .
| .
!
- !
25 i
f
{
/ =]
/‘{ ] &
0 8 ]
=50 =25 0 25 50 75 100

TEMPERATURE ~ °C

FIG. A-53 FRACTURE APPEARANCE AND ENERGY ABSORPTION

VS. TEMPERATURE FOR ROUND IMPACT BAR
CHROMIUM ALLOY FERRITES

- &¥5ET



-26A -

SALIMY3Z A0V w800 - "vd LOvdWI
ANNOY HO4 FHNLIVHI4WIL SA NOILLJHOSHY
A9HIN3T ANV 3IONVHYIddV FHNLOVHS G65-V Ol

Jo- JHNLVYHI4WEL

00l SL 0g G2 0 Ge-
Se
| — oS
o
SL
x >R 0}
/
of \
/ !
/ 0s
/ |
X w _X W\\O y .
‘VI\I{I .M\O\ . \

o
Q

'SH7 14 - 4384H0SAV A9YINI

JHNLOVHL SNoHAId %

S3LIMN3d ACTTV 3SINVONVW
v 1OVdNI ONNOY HOd 3UNLYYIdW3L SA
NOILJHOSEY ASONINI ANV JONVEVIddV 39N10vdd vS-V Old

2o~ FNivHIdNTL

00! Sl 05 Ga 0 g - 05 - G-

~— - — - Juir ~ T 1

T

09

127

0s

Q
o

'$87 14 - G3GYOS8Y ADHANS

JYN1OVHS SNOY8NS %



S3LIMY34 ATV WNNIAFATOW
HVE LOVAWI ANNOY HO4 JUNLIVHIdWEL "SA
NOILJHOSEY AOYINT ANY IONVHYIddV FHNLOvES 2G-V Dld

2 5= JHNITHIdWAL

(274 QOCi GZ-
0
e
[ ] L ]
o
T 08
L ]
N
n
Sl
0
Q¢
(o]0]]

'687 L4 - JIBHOSEV ADHINI

IHNLOVHS snoNald %

S3LIHY3d A0 NOOITIS
yvE 1OvdW! GNNOY HOd 3HNLTHIdNEL SA
NOLLAHOSEY ADHINT ANV 3ONVHVIddY 3HNIOvHEd 9G6-V Ol4

Oo= AYNLIVHIdWEL

00l S oS Sse 0 ge- 0s- G-
T = 0
. x \o\
\u\\. . -~
. - \\\ \\ c
— e —— o 7]
- o 7Y G2
\\
— -
o]+
X X 3 x ¥ =72
0
\\\ﬂ
e
\- 0%
\\
»
I oo

'S8 14 - 038058V A9HAN3

J4HN1OvH4 SNOHEI4 %



8G-V Ol

313 9NIAOTIVY

]

LN3IN

TRANSITION TEMPERATURE °F

(CORRECTED TO ASTM GRAIN SIZE NO. 5)

00¢




-1 -

APTEINDIX R

Ludwik (15) firet pointed out that strain in the tensile test is most

effectively defined as;9 | | |
H ) T
where d 1is the strain and Ao and A are, respectively, the initial and ine=
'stgntaneows areas. This strain was found to be related to the stress
through the equation
Kd"

where So, k and m are constants, | |

Hollomon(30) has contended thst equation (2) may satisfactorily be

replaced by

S - Kd (3)

or in the notation of this report

g = g, d (4)

This expression suffers from not satisfying the boundary conditions
in the tension teat, which means that the comparison (say) of n for tests
for a given steel after different thermal treatments or at different temp-
eratures 1g not strietly permissible, This error is relatively unimport-
ant in normal tests but might be appreciable under some test conditions.
Since equation 4 is gimpler to evaluate than equation‘é the determination
of the constants is greatly facilitated by the use of equation 4.

The curve in Fig.B=l is plotted according to equation 4 for n = 0.165
angd for cf, = 110,000, The curve from the origin possesses a pocitive

varying curvature and bends sharply at low strain values to pass through
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the point (0 = 110,000;4 = 1)s It is evident that thig curve must depart from
the experimental true stress-true strain cﬁrve in three intervals; namely, (1)
that in which elastic strain obtains; (2) that in which inhomogenecus plastic
strain - the yield point elongstion in steels - 1s encountered and; (3) that beyond
the meximum load in which the specimen is necked down.

The necking of the specimen introduces a state of triaxial stress such that
the shear stresses are lowered. This bringes about an elevation of the flow curve
which as long as the stress system cen be evaluated can be in some measure compen=

sated for.

Differentiation of equation 4 leads to

A 5 . | -
'* (%a{:) s =7 (5)

while Gensemer (33) has shown that at maximum load

dr~  —
d -

Fquation € into equation 5 (30) (34) leads to

%]
()

14

"J__rwy—. Ll (7)

Equation 6 indicates that necking begins when the slope of the stress-strein
curve becomes equel to the stress. Equation 7 indicates the strain at waximum
load, Neither of these quantities can be determined experimentally with precision.

In Fig. B=-2 is presented the nominal stress vs. reduction in area curve for
Steel A tested at 25°C., (Specimen C-19). From this curve and on the basis of
equation 7 it is evident that the values of GTJ and n in equation 4
must be obtained from measurements in the strain interval from approxi-

mately 5 to 25-30% reduction in area. The reduction in area values cor-

respond to about .05 to +35 to 40 units natural (true) strain. At lower
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strain values elastic end yield point phenomena - elastic phenpmena are
encountered beyond the yield strain = may wodify the stressestrain rela=
tionshipgwhile at higher straiﬁs the triaxiaiify of the stress syetem
becomes important,

In the determi 1 walues af £ evd n onoletdas]
- s B e [ ol

o &nd n analytical
or graphical methods may be used. The lezgt squares determination of
fhese functions 1s obviously the more easily rebroducible. The precision
with“which these %aluéé can be stated, however, is not easily determined.
This is partié:ularly true for the value of the straln haI:tiening exponent,
which in this work has been found to vary befwéen aﬁout 6.25 and 0,11,
These values of n corresnond to fourth and ninth roots and because of the
lack of real numbers in the strain values must be uncertaln in hundredths
place for the ninth root, These values must be accepted, however, as
certainly correct in trend. There can be no doubt that for some of the
stoels a marked decrease in n occurs at low temperatures.

Typical dats are treated below by the least squares and graphical

procedures, It is apparent thsat consistent results are obteined,

A. Leagt Souares Determinstion of @ and ni

=g " (1)

,éiy g - 4£iu é:’-f " ézwd- | (2)

Equation 2 can bhe solved for any combination of two gtress=strain
values from the stress-strain curvee
An additional equation can be obtained by multiplying equation 2 by
In 4 .
Dostnd » fn G bnd +m & d (3)
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and equations 2 and 3 can be used to solve for Ja and ne Using these two

equations average volues for O and d may be used in the equations

[l Nl + nE bnd |
1 (4

and

s g 7 f /. o~ ¥ 2/_/ .
Lz&tdjbnd = L tn T A Ve 1 & FH (5)

=~

These equat.ions are then solved similtaneously for n and Os o This is
done here for the test on specimen K=22 conducted at =70°C. The data gre pre=
sented in Table B-I. These data in equations 4 and 5 lead to 39,998 = 8 1n 0:, +
ta

J

N - e < 1N I e Y e
e W B3L,0O0 Il Ue o N | 380

(6)
from which N = o.19%

- . (6)
and i . 138 foo A

B, The data in part A are plotted on log-log scale in Fig, B~3, From
equation 2, part A

ﬂzf”é”'é:,' 4 ' N )

and n is the slope of the stresse=strain curve plotted in this manner, From this
curve n = 0,185 and Cé: a 133,400 psi. It is evident that the graphical proéedure
is satisfactory for the determination of the Gi and n values. It is pointed out,
however, that considersble care must be used in plotting these data to awvoid
appreciable error in the results.

It bas been pointed out in the above discussion that it is not possible to
eliminate uncertainty in the numerical wvalue of n in hundredths place or in the
second real mumber, It is not possible, however, to check ade@ﬁately the repro=
ducibility of the %, and n values because 'of insufficient tests, It is also
probable that the reproducibility of these values changes considerably with the
temperature of test. The values below were obtained for Steel Bn tested at
25°C,
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103,230 .236
104,090 25

99,100 .227
105,260 o R4T7
102, 500 .215

For. the strength coefficient CTL thic leads to an average value
equal to'102,830 psi with a mean deviation from the mean of 2,030 psi
o1 a mean deviation of about 2%, For the sirzin bardening exponent the

average value of n is O;zjéﬂwhile the mean deviation from this value is

the messurements cannot be expected te be this goed in general.
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.0930
«0906

0879
0849
.0827
«0802
0778
0749
0732
.0708

+0426

TABLE B-I- DATA FOR LEAST SQUARES DETLRIINATION OF& o AND n - STEEL Dr.
TESTED AT =70°C,, SPECIMEN K~22,

g

86,300
89,700

93,100
96, 800
99,200
101,800
104, 500
107, 300
108,700
111,000

145,000

4

D

»0829
»1093

.1398
1724
«2000
2302
+2615
2982
+3230
3553

1n g~

4495279
4496895
4+98588
4499651
5.00775
5.01912
5.03060
5.03623

5. = .99

ar [«
| = o

g

"-.%138

=. 85449

-s 76346
- 69897
=.63789
-.58253

=.52549
—u49080

————
—————

= -5.5150

By ares

-l ,'T615
~4 <2459
~3.8065
=3.4924
=3.1944
~2,9238
~2.6435
=2.4T18

: "’27 . 540

Al

+ 92425
»73015
. 59287
«£,8856
40690
« 33934
27614
.23598
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PENDIX C-

In order to evaluate the effects of pre~strain at room temperature on
the fracture strength at <188°C, it was necessary thet a fairly large number
of tests be run. The most desirable test p?bcedure would consist of setting
up the sgpecimen, presiraining it and ecocling in ligquid air in the testing
grips and pulling immediately. Due to the number of specimens to be tested
here this procedure wes considered too time consuming, Specimens other than
specimens of Steel A were prestrained at either 25°G or =76°C and were then
held at =76°C for no longer than 24 hours after which thev were cooled in
liquid air and broken. The storage at =76°C was used to prevent aging whieh
could have occurred on holding at 25° « These specimens then were removed
from the tensile machine and were replaced for final testing.

Because of the removal of the specimens after the initial straining the
alignment of the specimens on final testing wes questionable. This problem
in the final execution of the test proved to be mn umimportant one as most
of the specimens suffered some additional strain at -188°C. The specimens
were necessarily aligned as a consequence of this plastic straining.

In order to determine the degree of alignment comparison was made of
the relative elastic strains at the ends of two mutuslly perpendicular
diameters. The specimen for these tests was set=-up in the self-zligning

grips without any specisl precaution,

Test Resulte

1) Test ver leaded to 800 pounds readings taken and then load increased
to 1500 pounds with readings again taken. Process reversed. Gages were then

turned 90° and test repeateds
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Gage A Gage B
1) 783 802
2) 897 | §92
| 8 = 4
114 112 110
2) 897 650
228, -8l
A = *26 |
122 12
Ave, O = 3/120
Turn 909;
1) 1428 ‘ 1202
2) 1302 n 1081
L g

126 - T 121

2) Speeimen unloaded, all screw connections completely loosened, test

repeated,
Gage 4 Gage B
1) 1118 : _ 381
2) 000 263
118 A- o 118
2) 1000 : . 263
~2320 384,
A _ .
. A -
120 o] 121
Ave, 8 = —



Turn 90°

1) 821

2) 702
119

2) 703

3 a8
115

3) 818

4) 700
118

3} Specimen removed from test

placed,

1)
2)

2)

o~
o

104

Ave,

Ave,

>

(‘> B
P

120

1478

123
1600
78
122
1478

1520
121

grips turned end over end and re~

3
'n....l
o

;

110

n
©



Turn 909,

1) 07

2) 2004 ) 4
| J

97 100

2) 1004,

3) 200 4

104 " 155
A'Vec a = —A—

100

I~
—

plast_;lc strain required to bring about good alignment,
Yield ¥ 32,500 psi,

Y. P, elongation % ,002% ,

3% strain at 38,500 psi.

Ggge g
1) 721
2) 1380
=1
459 450
2) 1190
3) —tl5
. A=z
415 415
-
Ave, a 110
Turn 9003
1) 1011
2} 600

The specimen was lomded while disaligned = 5% to determine

864

408



2) 600 455

" 3) 1000 859
D= 4

400 400 404,

CONCIUS JONS

From the sinyle specimen tested, the disslignment to be eypected for
normal insertion of the specimens is legs than 5%, This disalignment is re=
duced to the order of 1% by a plastic strain of 3%, From the strain results
at 25° and =188°C which are reported in Table IV it would eppear that the
fracture strength messurements should not be seriously affected by non=
axiality of the stress system resulting from the removal and reinsertion
of the test specimens in the testing grips. The total strain at «182°¢ mAYy

however, be appreciably affected by the slight non-axiality of loading.
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