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’ ‘Preface

The Navy Department through the Bureau of Ships is distributing this report
to these agencies and individuals who were actively associated with the reséarch

work,

This report represents a part of the research work contracted for under

the section of the Navy!s directive "to 1nvestigate the design and construction
of welded steel merchant vessels."
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ABSTRACT

This report contains an account of the testing of the "AW, "C", "Bn',
"BrY, "Dn" and "E" steels, six of the so-called pedigreed steels that were
investigated under OSRD and Navy Department contracts. The tests described
are tension tests run at various temperatures on specimens 24" long, 12" wide
and 3/4" thick, having a central internal notch one~guarter of the width of the
plate with ends of the notch 0,010 inch wide made by a jeweler's hacksaw.
The load was applied in the direction of the rolling., This program was under~
taken because it was believed that tests made under standardized conditions
would furnish additional information regarding the behavior of these steels,
and would provide a standard that could be used to judge the efficacy of tests
of small sized specimens adapted for use as acceptance tests.

The report contains tables giving the load at first visible crack,
at maximum load, and at ultimate load, together with the energies computed
to those loads, Load~elongation curves for each specimen tested are included,
together with diagrams showing maximum load, plotted with temperatures as
ebscissas, and diagrams showing energy to maximum load plotted with tempera-

tures as abscissas,

The transition temperature zones of these steels based upon the 12"
wide plate tests are reported based on energy considerations and on the mode

of the fracture,
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- INTRODUCTTION

The object of the tests related in this report was to investigate the
physical behavier at various temperatures of a large number of 12N wide, full
thickness specimens of steel p;ate,'.?bglgpgcimen contains & centrally
located internsl notch 3" wide terminating with a jeweler's hack saw cut
1/8" long and 0,010" wide (See Figure.I~1, Appendix I), All tests were made
with tension loading applied in the direction of rolling.,

The physical behavior of the steels with respect to maximum loads, strein
energy, and mode.of fracture was investigated with, the principal purpose of
establishing transition temperatures based upon.12" wide, 3/4" thick specimens.

The steel tested has been studjed by several laboratories and has been
designated as "A", "C", "Br", (B as.rolled), "Bn" (B normalized), “Dn"

(D normalized), “E" and "Q". These were:6' x 10! plates, all 3/4" thick

except "Q" steel which was 5/8" thick, All but "Q" have been tested,

page 35 c¢f the Pennsylvania State College ReportB#, are aa_follows:

3%, Mmerala refer to references in Bibliography




‘2-
CHEMICAL ANALYSES

Stecl OF M PS S6 1% Al ME COf O UE SE NS
8 026 .50 (012 .039 .03 012 .02 .03 .03 006 .003 004
Br .18 .75 .008 ,030 07 015 ,05 .07 .03 006 .012 .005
Bn .18 .73 .011 ..030 .04 013 .qé;_los_:.;d3 .006 ,015 006
C W24 .48 012 J026 ,05 ,016 .02 190?1...Q3“:.,005.;003 ,009
Dr .22 455 J013 02 .21 020 .16 .22 .12 022 023  .006
Dn .19 .54 .011 .02 ,L19 .019 .15 .22 .12 ,021:%,025 006

E 020 533 4013 5020 .Ol 9009 .15 .18 .309 .018 ‘024 .‘OOS

The fullest use has heen madé ofAreyorts from the Univeréiﬁy of Californial,
the University of Illinoisz, and Penngylvania State Colleg93 as an ald to in-
strumentation and as an aid in tﬁb.prélimiﬁary determination of the transition
;@emgaratpréa | - )

INSTRUMENTATION @ v . -

Elongation Mqug;emenfsl To_deﬁérmine strain energy it was necessary to

‘measure the e;onganl of th

(‘Dr
-
(Dl

as three—quarters of the w1dth of .ﬁhe pléte,_or'9", with the. ends of the gage
nleng+h A%" above and below the no'bche The instrument developed permitied a
_‘etexminatlon of the elongatlons of the plate in both the elastic and plastic
,.:ange. Bakellte SR-A gages are used in these instruments, The elopg¢t;ons wera
‘measured over twelve separate gage linés, Five of the gage - lines were. on
each.oﬁ the 12" faces of the plate and two of the gage lines were on the edges,
The . flve gege llves on the face of the plate wére located &s follows: one at
the 1ongituginal center¢ine of plate, two 1AM elther side of the- centerllne,

and two 3 3/i" elthe- side of th, centerline. The e

e g

iF——‘

ation for.each gage
line was determined seﬁgrételﬁ, The instruments used and the details of

mounting them are fully described in Appendix I,



b 3 -
greparatioq_gg_ﬂgtghi‘;Qarefultettehticn.wee‘giveh to the preparation of

the nc,ch° The accepted procedure at all 1aboratories wheye wide full~thickness
plate tests had been made was to use & Jeweler’s hack saw to establieh the
aculty of the notch.. To prcvlde uniform acuity, the width of the last 1/8 of
an inch of the notch on both sides of the internal noteh was speciiled to be

eOlO inch. See 1ayout of notch in Appendlx I. A jig-saw was utlllzed to
make the ieweler's hack saw cut. This machlce is aescrihed“in detail in
Appendlx I ° | | | |

' Tempereture Contr01 Chamber: The temperature control chamber was mede‘

of Plexlglee, 80 that the specimen end instruments would be v1sible at all
stages of the test Strlp heaters were installed to give temperatures above
that of the laboratory. Two fans at the top of the box insured the circulation

of the heated air. Cooling was obtained by blowing air over dry ice and con-

ducting this cool air to the Plexlgles box by ‘insulated ducts. This installa-
tion is described and illustreted in Appendlx I.

Meesurement of Temperature: The temperature was determined‘cy the use '_
of thermocouples. Three thermocouples are mounted on each speclmen, one 1n.
the 3/4“ drlll hole in the center of the plate, one 5%" above the notch in the
center of the plate, and the thlrd one located l/ " from the end of the notch
immediately above the Junctlon of the standard and jewelert!s hack saw cutsc
4 fourth thermocouple determlned the amblent temperature within the box. A |
complete description of the inetrumentetion with photographs of the various
pieces of epperet;_ e’ccnteined‘in,fppendln I= | | -

The temperature at the 3/4"“dri11 hoie has been'used in interpreticg ail

tests.




cig.
t .- SPECIMEN IDENTIFICATION

The 1ocatlons of the specimens in the 6! x 10' plate are shown in the -
upper left~hand corner of the Flgures giving load and energy data for each
steelo Unon the arrlvel of the 6' X 10t plates, they were placed in a rack,

each slot of Whlch was numbered Therefore, the mumber A~18-8 means that it.

Som
o F

ig the 12" w1de, 24" long specimen from the plate of "A".steel racked in slot
18, and its p051u10n withln the 6‘ x 10! plate was No, 8, This method of eut=
ting the plate gives eight specimens frem the putside edges.of the plate, four

speclmens in the centra_l_ area of the p.La‘c.e, and eigrm sPecimens for the inter-

mediate p081tions in the plate for a full size 6! x 10! plate..

TESTING PROCEDURE

The'general method of testing was to load the specimen to0 10,000 1bs, and
determine the inipial readings of the Elongation Gages. The load was then in-
creased to 190,000 1bs. and the geges read. The load was then reduced to
10,000'1bs; and tﬁe initial readings were checked., The test was then started
by incpeesiné the lead to 190,060 153._apd proceeding from this load by load
increments which preduced eppsoxipately equal steps of deformation as measured
by the edge gages. The total load and the elongation on all gage lines was
then determined Durlng every series of elongation readings the pump .of the
testlng machine was cut Offe If the load on the specimen fell off due to
plastlc deformation, high and low load readings werg made. In plotting load-
elongation curves “he high load hes been used,

Load~elongation curves for each specimen are given in Appendix II,



“ 5 .

‘ngn SRR

ngﬁre 1 shows fhe-f}ﬁcture of a11.27 speciﬁens of_the.”An_steel. Tt is
noteworthy that fractﬁres bf the “A" stéel were usually either 100% shear or
100% éleavage feilures. Attention shouid also be called to the symmetry of
the fracturés; The mode of fracture, cieavage or shear, was very similar
on both sides of the notch except for six specimens where a shear failure in -
a single plane occurred on one side and a double plane shear failure occurred
on the other side of notch. Shear faillures progressed outward from each ¢nd
of the notch at the same rate, o _

Table 1 gives the load and the energy inlinch-lbs° to the first visible
crack; to maximum load, and to failurs. It also gives the temperature and
the type of failure in‘térms of the per cent of shear failure within the M
net width, Tablé 2 shows in tabular form the data on energy ‘o maximum load
obtained at the University of Californial on 12" wide plates,

Figure 2 shows the maximum loads plottédlas ordinates with temperatures
28 abscissas. In Figure_B, energies to maximum ioad are plotted as ordinates
with temperatures as abscissas. The data obtained at the University of
Californial on plates 12" wide are superimposed on the Swarthmore date.
Fizure 4 is a plot of the percentage of shear foilure in the various specimens
of MAM steel, |

The decision to include data on load and energy to the first visible
crack deserves some éﬁpianation. It was visually observed that the first
sign of fracture generaily occﬁrred at the mid—thickness of the plate, The
load to produce tﬁé visfble erack varied only slightly with the specimen for
a given'type of steél and seemed to be independent of the type of fracture

which occurred later,
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"C" STE.E‘I-:

Iype of Fracture: The behaviof of the "C" steel was very errotic. The
fractures of mahy of the "C" steel specimens are shown in Figuie 5, There are
instances of cleavage fracture followed by shear fracture, cases of shear
fracture followed by cleavage fractﬁré, _and other cases where cleavage is
followed by shear which is followed in furn'by'cleavage fractures. These mixed
types of fracture occur over wide ranges of temperaﬁu}éi The fractures Iin
almost every specimen were symmetrical about the centerline and had the charac-
teristic "thumbnail",

Table 3 gives the load and the energy in inch=lbs, to the first visible
crack, to maximum lecad and to failure. It also gives the'temperature and the
type of fajlure in terms of the per cent of shear failurs. :Table 4 showé the
data on enefgy to maxiﬁuﬁ load obtained at the Univérsity of Gaiifornial on
12" wide plates,

Figure 6 shows the moximum loads as ordinates and Figufe 7 shows the

aremnadan Fa moawiman l1end ng arddeatac wdd s rmbin g an shacdaand $n amabk

LT 54—53 L LA A LIEL I AUl clo LWLl UUD’ wW. ull [~ PUJ.G- ULlTo do diovioods Qi Tdull
. . L . . ‘ . 1 :

case. Again, the data obtained at the University of Califernia™ on plates

12" wide are superimpcsed. Figure 8 represéhts‘a plbt'of the per cent of shear
failure observed in each specimen; The abscissas in these curves are tempéra-
tures and the ordinates are porcentages of shear failure computed on thé
basis of the net width of 9",

It is of great interest to note that there are often two load maxima in
the load elongation curves, Attention is called to Figures 40, 5C and 9C in
Appendix II illustrating this phenomenon. The first maximum is the load at

ureé ocours . extending over only a part of the cross-
- 7 (=3 o e

which a cleavage fracture ocecurs; extendin

section. When this type of fracture occurs the load drops, and if the ioad is
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inereased again there is a second maximum, This mey be at a lcad higher or
lower than the first., 'The specimen may then fail by cleavage or- continue to
yield-z

"Bn! STEEL

Ninetcen specimens of "Bn" steel were tested, fhéir fracfure surfaces
being shown in Figure 9. 41l these fractures'started with aﬁ initial shear
zone, clthough in fhe case‘df specimehs 1 and 7 the zoﬁe was small. FExamples
of the initiél shear zone may be seen on the right halves of specimens 4 and 11
where the smallrdﬁrk patehes at the énd of the notch indicate the presence of
a shear erea. ’ |

Tab19.5 gives the data_for the "Bn" steel.

Figure 10 gives tﬁe maximum lcads s ordinates,.Figure 11 the energics to
maximum load as ordinates, and Figure 12 the per ccnt shear, with temperatures
as abecisges in ench case.. Data taken at the University of Californial are
giren in Table 6 gnd the values are plotted in Figure 11,

The "Bn" shear specimens exhibited along their fracturelsurface striaticns
composed of many small "terraces" maihky to be found around the mid-thickness of
the specimen, These "terraces" interrupt the shoér surface as flat areas
parcllel to the specimen surface gnd arc of the order of 1/64" wide. It can
be noted at this time that the "Br" steel when fractured exhibited definite
striastion bonds with a ﬁiddle zonc appearing coarser in texture. The "terraces™
mentioned for "Bn" gteel are undoubtedly asscciated with these characteristics

found in "Br" steel,
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WBrM STEEL

tesl
Figure 13 are characterized by cleavage fracture of a very coarse appear-
ance, which has not been observed in the other project steels tested at
Swarthmore. The shear mode of failure is also unigue in that it almost
always-exhibitéd a double striation along the fracfure, as ié shown for
example, in Figure 14, The word striation has been used here in an attempt
to‘avoid misleading the reéder és £o the.ﬁature of this effect, wﬁiéh has
been varlously called laminatlon, banding, flssurlng, etc. by visitors to

the Swarthmore laboratory. In Figure 14, three zones of approx;mate]y

fude

1; giving the fracture the appe
wich., Near the notch localized separaéiontharéctéristics of'lamiﬁations
may be noted, o :

Table 7 gives the data for Br steel. The maximum loads are plotted as
ordinates in Figure 15, energies to maximum load as ordinates in Figure 16;
and per cent shear as ordinates in Flgure I?, with temperatures as ab501ssas

in each case. The ensrgy plet also 1nc1udes the data taken at the University

of Californial, and shown in Table 8.
"Dn" STEEL

F gure 18 presents the fracture suriaces of the nlneteen MDn" spe01mens,
six of which are all shear, nine all cleavage (except for an 1n1t1d1 shear
ZOne), and fOur spe01mens (Y¥os. 2, 8, 12, 17) have mixed fractures changing
from en initial shear to & cleavage fallure. In the case of spebimen No. 17,
one side romained shear while the other altered from shear to cleavage.

Sﬁecimens No. 2 and No, 8 were very similar in their performance, each start-
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ing to fracture with a single shear gurface on one side of notch and a
double shear surface on the‘nther:side of notch. These two éﬁecimans fracg-
tured in the cleavage mode after the maximum load was reached. Table No. 9
gives tlie Swarthmore data for "Dn" steel. University of Illinois 2 data for
energy to maximum load are shown in Tabls 10. -

Figure 19 shows the maximum loads plntted as nrdinates, Figure 20 the
energies to maximum load as ordinates, and Figure 20 the per cent shear as

ordinates with temperatures as abscissas in each cese., University of I11inois?

data are svperimpnsed on the Swarthmore data in Figure 20
- NEN STEEL

The behavinr of tﬁe lﬁ-specimeﬁs of "EM™ gteel is guite erratic, although
not to the degree found in VCY steélﬂ It is interesting to note that only
these twe éteels were characterized by "thumbnails" adjacent to the notch.
These "thumbnails® are quite evident in Figure 22 which shows the fracture
surfaces of "E" gteel. The forﬁation of the "thumbnails" was accompanied by
a sharp snap clearly audible te the test crew, together with an abrupt drop
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Specimen E-36~2, shown in Figure 23 , is of interest. To the test crew
il seemed that the cleavage fracture occeurred "instantaneously" over the
entire cross-section, Subsequent -examination of the fracture surface showed
the familiér "thumbnails" which may indicate that the crack front paused for
a very small increment of time and then proceeded to complete failure.
Table Noa,;l gives the Swarthmore data for "E" steel, University of
I1linois™ data for energy t» maximum load are shown in Table 12,

gives the maximum loads plotled as ordinates, Figure 25 the energies to
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maximum load as ordinates’ with Uhiversity of Illinois data superimposed, and
Figure 26 thée per cent shéar as o¥iinates with temperatures as the alscissas
in each figure, By a comparison 6f the latter two figurés with Figures 7
and & for "CY steel, it appears thet-the "C" steel is somewhat more erratic

than "E" steel in both its energy-absorbing and per cont shear characteristics.

GENERAL DISCUSSION

ﬁa ‘Expes of Failurég‘ |

Generally specimen fracture occurred in twe extreme modes =
cleavage and shear; however, the.folloWing sequences of fracture as fracture
progressed from the notch were also observed in individual specimens:
cleavege to shear, shear to cleavage, cleavage to cleavage, cleavage -
chear - cleavqge, and shear - éleévagé:-‘ghear. The shear failures were
of wo types, oﬁe of which had:é‘single surface and the other a double
lsurfacei Clenvnge fractures exhibited a éparkling granulated surface
while the shear_fr;ctures appeared dull.

fhotographs ofhthe grids of the speciméns having the lowest and
nighest energy absorptiqn tested at Swarthmore are shown in Figures 27
and 28 respectiﬁely.. Figurg 29 depicts a cleavage - shear - cleavage
fracture as exemplified by séecimen C~234-8, |

. The appearﬁnce of tihe fracture ag based upon the per cent shear was

estimated as follows: +the sum of the_léngths of shear tears on hoth
gides of the notch was divided by the total length of fracture surface.
It must be noted that the latter length is not always the oM of net cross

section since some ductile tears do not proceed straight across the

specimen but make an angle to the transverse axis such as shown for

specimen Dn-33=20 in Figure 2&
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- Specimén Behavior During Testing:

A mumber of interesting observations were made of specimen behavior
during the program, The first to be speken of is the vibrational res-

ponse of the steels, which wns first noticed in the following manner. The

‘electrical instrumentation for measuring elongation was composed of the

conventional setup of SR~4 Bridge Balance Unit and Strain Indicator,

and it was the latter Wwhich was used in setting points on the load-elonga=

~tion curve, the load being taken as the dependent variable and the

elongation as the independent variable. While loading a ductile specimen
the needle of the Strain Indicator would rotate uniformly cover the meter
face.  After a rmumber of experiments had been run, it was definitely
established that cleavage ffacturé of a specimen was almost always prew-
ceded by one of two different motions of the nesdle,

The first type consists éf a "stepping" or jérking motion of the
indicator needle, always in the same direction. In the second type,
the needle progressed with an oscillatory motion of three or four cycles

per secondﬂsuperimposed on the steady movement of the needle during'in-

preceding cleavage fracture, but became contihuous ag the break was
approached, The émpiitude of this vibration is estimated to be of.the
order of ,0005" over the 9-inch gage length.

In some specimens these motions storped suddenly and such specimens
ultimately failed by shear. It is considered very probable that the
inertia of the moving parts of the galvanometer was sufficiently large
to mask higher freguency componerits coming from the gage. The SR-4 gnges

were of the static type and hence the gages could also mask the response.
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The characteristic behavior described above was not found in those cleav-
age fallures which ccecurred after a dyctile max een passed.

The possibility was considered that the vibration might be maguneti-
cally iﬁduced in the gages by changes in the specimens To check this, a
coil of 1000 turns was mounted around the specimen, its leads being fed
into an oscilloscopes No observable effects were indicated by this method
even‘though the input condenser of the ogscilloscope for some tests was
shorted out to be ceritain thet very low frequesncy voltage changes wore
not being blocked., The conclusion of this approach was that the magnetic
effects, if any, have such a low time rate of change that the voltage
induced by them was too minute to investigate in such a manner,

The second observation of specimen behavior is what might be ecalled
delayed fracture. It is convenlent to discuss this in termes of testing
procedure, as follows, When the elongation readings at ons load were
completed, an additional load was applied until the next increment of
elongation was recched, at which point the pump of the testing machine
waé cut off and the elongation and thermocouple readings token., The
whole cycle of pumping and rending usually required about two minutes
with half a minute needed. for reading the 12 elongations, Witk this in
mind, it is interesting to note thot 13 specimens {slightly over 10% of
the total tested) falled by cleavage after the pump was cut off, at which
time the load would be slowly falling. These specimens fractured shortly
after the maximum load had been reached and at a lead lower than the
maximum by five to ten thousand pounds.

The third cbservation concerning specimen behovior may well be

zlosaly related to the above, This concerns those specimens which
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falled by cleavage while reloading the specimen after completing a set

been reached. The five specimens in this group were C=24-19, Bn-21-8,
Bn~21-14, Br-22-9, and Dn-33-16., (See Figures 5,9;13, 18, and load-
elongation curves, Appendix II.)

The last consideration of specimen behavior is the "double maxima®
observed for certain specimeng of "C" and "E" steels. This effect can
produce considerable discrepancies in the energy to maximum load, For
example, specimen E-36~10, Figure 6E, Appendix II, has a difference of

only 300 1lbs. in the iwo peak loads; yet the energy to the secoﬁdbmaximum

load was almost 2% times the energy to the first maximum load. Although

it is poscsible to moke the energy yersus temperature plots take on a more
desirable appearance by using one or the other valﬁe, the points in the
energy~-temperature plots have been plotted strictly in accordance with the

numerically greater load.

Trangition Tempcratures:

Criteria for transition temperature are varied and depend largely
upon the person making the interpretation. Many experimentors believe
in drowing the best curve through the energy (to maximum load) tempera-
ture data and using certain points on this curve to define the transition
temperature. In this report we have avoided drawing energy~-temperature
curves, since the scatter and welighting of data will rule the type of
curve, —

At this time it appears that decisions relative to transition temp-
erature can be realistically discussed only by considering the data for
sach steel separately. The transition fmperatures are stated as n zone

of temperature,
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A" Steel - Fractures with a low energy absorption occeurred at & tempera-
turc as high as 58°F, High energy levels were observed for temperatures
\ : . , : ‘ )

down to 42°F. The transition temperature for "AW steel on the'basis of
these data has heen judge@‘to be in a zone between 42OF and SSOF.
(Sec Firure 3). | |

The transition temperature zone based on appearance of the fracture
28 evaluated in terms of the per cent of shear also lies Beﬁween 42°F and

58°F, (See Figure 4).

nigh Steel ~ Fractures with a low energy absorption occurred at a temper-
ature as high'as 90°F and a high level of energy absorption prevailed for
temperatures down to 989F if test No, 8 is omitted. Héﬁce these data would
place the transition temperature of "C" steel in o zone from 90°F to 98°F,
(Sze Figure 7).

The transition temperature zone based on appearance .of the fracture

) . _— . 0
as evaluated in terms of the per cent of shear lies between 90 F and

116°F, (Sce Figure 8},

LBn" Steel - Neglecting spccimens No, 3 and 6 becruse No, 3.is overweighted
by specimens 4, 10, 11 and 15 and No. & is éverweighted by speéimens 2, 9,
14, and 18, the transition temperature appears to be in a éone between
22¢ to 30°F, (Sec Figure 11).

The tronsition temperature zone based on appcarance of the fracture
as evaluated in terms of the per cent of shear also lies between 25° and

30%, (See Figure 12).
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UBrf! Steel - Omitting specimen ﬁﬁ,;li, fhg transition temperature for this
sterl based on the energy to maximum lond nppears to be at about 120F;
however, it is thought that ajzonglrgpgiﬁg-frommlooF to 15°F is more 1likely.
(See Figure 16).
The transition temperature zone based on appearance of the fracture

as ovoluated intorms of the per cent of shear also lies between 10% and

15°F, (See Figure 17).

M’Dn" Steel - From the energy data, high energy absorption occurs for a
temperature as low as 109?, and 1owreﬁergy absorption occurs for o tempcra-
ture ns high as 160F. Hence the transition tempercture zone has been in-
terpreted as being between 10° and 16F, (See Figure 20),

The transition femperature zone based on appearance.of the fracturs ns

ceyalunted in terms of the per cent of shear lies betwoen 150 and 25°F.

(See Figure 21).

"Rl Steel - On the
to have a lowsr temperature limit at 92°F. 92°F also marks the upper tom-
perature limit at which low cnergy absorption oceurred, The lower limit of
the transition zone has becn decmed to be at about 70°F. Hence the transi-
tion temperature hos been estimated to lie in a zone between TOOF and 92OF.
(See Figure 25).

The transition temperature zone based on appearance of the fracture
as svaluated in terms of the per cent of shear appears to lie between 70°
and 100°F. (8ce Figurs 26) .

Th

™

{

> above findings with reference to transition temperat

in the following table.



- 16 -
TABLE 13
~Summary of Transition Temperature Zones

Basecd on Energy

Steel Absorption 4 Basad cn
. R ' to meaximum Joad - : Percentage of Shear
A 42° to 58°F 42° to 58°F
¢ 90° to 98°F 90° to 116°F
Bn 25% to 30°F | - 25° to 30%F
Br 10° to 15°F 10° to 15%F
Dn 10° to 16°F 15° to 25°F
C.

E | 70° to 92°F 70° to 100°F

The mechanism by which steel either fails in the cleavage or shear mode
subjected to carefully controlled tests it might be expected that the transi-
tion from shear to cleavage fracturc would oceur at a single temperature rather
then in a temperature zone. FPhysical discontimuities are usually accompanicd
by sharp breaks in performance characteristics. The "Br' steel illustrates
the point iﬁ question, test spécimens 5, 10, and 12 exhibitihg shear failure,
while specimens 2 and 7 indidate'cleavage failuré,VQhen all of those specimens

were tested at approximately the same temperature,

D. Effeet of Temperature cn Maximum Load:

In making a comparison of maximum loads it must be realized that
for a cleavage failure the fracture load. is usually the maximum load,
while the maximum load for s ductile specimen is not-the fracture load.
In geveral the average maximum load is approximately 50,000 pounds lower

in the cleavage mode than in the shear mode,
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A summary of average maximum loads for thosc specimens failing in the
g P

compl-tely shear or completely cleavage modes for the various steels is

shown in the following tablec.

TABLE 14
Column 1 Column 2 Ratio of
Average Max, Load in Average Max. Load in Column 1 to
ibs, Speecimens failing lbs., Specimens fedling Column 2
Stesl in 100% Shear in 0% Shear
4 ' ' 317,000 268,000 1.18
C ‘ © 348,000 294,000 1,18
Bun - 319,000 286,000 .11
Br 333,000 288,000 1.16
Dn 346,000 311,000 1.11
B 318,000 264,000 1,20
E, Comparison of Encrey to Maximum Load:

The average energies to maximum load for the various

which broke by shear and by cleavage are:

steels for specimous

TABLE 15
Column 1 Column 2 Ratio of
Average Energy Average Energy Column 1 to
tc Max, Load for to Max. Load for Column 2
Specimens failing in Speeciusns falling in
Stegl _ 100% _Shoar.in. lbs. 0% Shear, In. 1lbs,
A §5,700 25,500 3475
C 105,000 38,400 2,74
Bn 122,000 47,800 2,56
Br 131,000 34,300 3.80
Dn 128,000 49,200 2,€0
E 93, 800 32,000 3.12
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It can be noted by comparing the ratios of "shear” to "cleavage"
encrgy in Table 15 with thé rafio 5f "éhéaf“_to "eleavage" loaés in
Table 14, that the ratioé of.ioéd are more consistent.

The high ratio of erergy in the shecar ﬁoderto gnergy in the cleavage
mode for stesls “A" and ﬁB:“ méy poésibly be_explained by the presence of
laminations in the "A"‘steél and the striaﬁidns in the "Br" steel,

| An additional complication in‘coﬁparing energy arises from the
occurrence of two peak loads while straining the specimen, of which the
first or the sceond load may be the greater. This is commen for steels

"0® and "E" and is shown for example in Figures 10C, 11C, 6E and &E.

Variations Due to Location of Spscimen in a 6' x 10! Plate:

The tests were planncd so that differences due to location of
specimens within a 6' x 10! plate could be studied. It was desired te
compare the specimens taken from the outer Jlongitudinal zones of a rolled
plate with speciméns from the center gones of the plate, as well as con=
paring spccimene taken from the same longitudinal zone in the direction
of rolling.

The results do not enable any general statements to be made relative
to the effect of longitudinal or transverse position of the spcecimen within
the plate. It appears, however, that local variations or inhomogencities
in a platz are likely to havc morc effcet than normal metaliurgical and
roliing variations within the plate.

As an cxample of differenccs in mnergy absorption, secc Figure 16 and
note trat specimens G, 13 and 17 of the "Br" stecl were all tested at.
approxi mately 2°F. A comparison of speecimen 9 from the center zone and
Speeimern 17 from the outside zone shows less energy variatlion betwecn

these specimens than shown by Specimens 9 and 11 taken from the center zone,
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On the same figure alsy note the great differences between specimens
5 and 7 which were tsken from the same longitudinal strip. When a small
nﬁmbér of specimens exlist, a comparison of outside and center specimens
is meaningless unless specimens lying in the same longitudinel zonc bchave
consistently alike at a giﬁen tomperature. Cases of agreemcnt mey he
noted by comparing specimens 19 and 20, and 10 and 12 on Fipgure 16, A

careful study of all steels shows no congistent performance,

- Tensile Tostus

The yield point and tensile strength of the various steels were
determined by vsing one 6" wide, 48" long, and 3/4" thick unnotehed

specimen of each steel, The resulis are tabulated below.

Yield Point Tensile Strength

Steel  DeSai. DeSe'i.
A © 31400 0 59500
C ) 37400 ' 67800
B 32100 59300
Br 32200 57700
Dn 2 34300 61300
E 33200 59200

The above valucs, when comﬁared with transition temperaturcs, show
no relationship betwecn strength and transition t‘emper"aturesa The average
maximum loeds tabulated in Table 14 bear a closer relationship to the
tensile strength but even here a strict correlation is not achieved.

The comparison of average energy for ductile behavior with tensile

L 1 ]

sirengtn shows that FBEr' steel, having the highest aversge energy absorp-

ticn, has the lowest tcnsile“strengﬁh.
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He Future Analwvsis of thc Data:

The recordcd data may be analyzed and interpreted in various ways.

- Since the same facts may be seen from different points of view, conse-
quences stemming from a given point of viéw are left for consideration
separately from the facts themselves, and will be the subject of further
analysis.

As an index of ductility use has been made of the energy absorbed
by the specimen, taken up to the point of the maximum load on the load-
elongation curve. In ductile specimens this peint is not well-ﬁéfinod,
since the cur?e there is quite flat. 'Such a curve is given in the rcport
for ééch specimen and the limit to which'thé energy value is taken may be
chosen by a reader in any way desired, The limits used in the analysis
of this report are indicated on the curves, -

This choice for the index of ductility was made partly becarse it
has been used in earlier work, but also ?arﬁiy becaugse it is less subject
to doubt 28 to its exact value than the other index which might be used,
namely, the energy to fracture. It is recognized that in some design
problems energy to fracture may be the significant quantity.

Ag-an index, a value of encrgy may be prefcrred to deformation, or
toc an egtimate based on appearance of fracturc, because encrgy is itself
pertinent in design and not simply an indicator whose validity must be

. 4
established by some proccss of corrclation,.

At a sufficiently high temperature no risk of brittleness oxists, but
as temperature is rcduced, a tumperature is reached at which this is no
longer true. At lower and lower tomperaturcs the chance of brittle action

becomes greater and greator, No need is folt to follow this development
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. to the point where the chance sprnroaches certainty of brittleness, siﬁce
meterial certain.to act in a brittle mode is useless for structural
applications,

However a limit must be set for what is acceptable. For convenience
in the work of several laboratories the threshold has been put at the
temperature at which the index of duetility has fallen to half its value
at th ces not at all mean tha
brittle fracture is acceptablé in service structures; it leaves the whole
guestion of the prediction of the threshold in serviée ffom laboratory
tests on a relative basis, The ground for this choice is that the half-
level tireshold is easier to determine than the more indefinite limit at
which the sloping line of transition levelé off at the fully ductile value
of the index.

Wherever poseible, it is preferred to place the threshold at the
beginuing of transition, the temperature below which ductile behavior is
no longer assureds

The resson for this choice is as follows: placing the threshold at
half-value of the index overestimates the security in the case of a
material whose transition gzone covers a wide range of temperatureg, or
whose iransition line slopes moderately and not steseply.

In acdition, however, another margin of security must also be pro-
vided even if the criterion places the threshold at the point of departure

from the upper level

L

. since this noint is in itself uncertain. The question

is how far above the threshold must we stay to be gure of not going below

it.
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An analysis by which a line may be fitted to transitional data, and
at +he sameg time the tolerance of the threshold measuredz has been described
in Reference®, An analysis of the data in the present report will be made

according to the scheme there described and will be separately reported,

CONCLUSIONS .. .-

1. The tentative trans1t10n temperature zones as found for the various

steels is reported as follows, as based on’ two criterias

Summary of Transition Temperature Zones

Based on Energy Baged on
Cdmnad A Tmm vt man Dawvmanntors AP CQheaan
W UCoT L Lh b J.}_JUJ..U.U. + G4 L;GL-LUCZ&C: AL MUITOL
A 42° to 58°F 42° to 58°F
C 90° to 98°F . . a0~ to 116°F
[o]
Bn - 25° to 30°F . 25" to 30°F
By a0 a 'lrc‘!? '1no I 1;'01:;\
4 Lo AL I ..LUV [
Dn S 10° to 16°F 15 4o 25%F
E 70° to 92°F 70° %o 100°F

2. The ratic of the average maximum Joads for specimens failing in 100%
ghear to the maximum lcads for specimens failing in 0% shear was found
to be practically constant for all steels tested.

3. The ratio of the average energy for specimens failing in 1007 shear to
the aversge energy for specimens failing in 0% shear is variable for

" the ceparate steels., A comparison between MBn"' and "Br" indicates
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4 The: tensile tests of unnotched specimens indicate no correlation between

h and the transition temperature, energy absorbed, or
maximum loads for the notched specimens.

5. The vibrational phenomenon observed in measuring strains for specimens
that were later to prove brittle is worthy of further experimental in-

vestigation. This may lead to a clue regarding the physical changes

prior to clieavage failure.
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Fie, 1 A" STEEL

PHOTOGEAPH OF FRACTURE SURFACES




TABLE 1

- L2 -

mTama Ao nAt
(The notch is 3 vi TESTS OF SPECIVENS 12' } Steel
3 yide and has 1S 12" WIDE, 3/4% THICK
at its extremitie THICK WITH STANDARD }O
ies a cut 1/8%" LRI BULUD
Visi long and 0.010M

Spee. I Temperature E_iﬁlhlg_ggggg . . wide made with a

= (o) OF - nergy L.oad Md jewelerts hack s )

in-1bs. lbg. ‘ Energy -y s aw

A-18-13 n - in~lbs Load E Fallure
An ‘ in-1os, n -

BTy 38 6,500 247,500 s R ey e g Fail
4-19~ 38 1,100 230,000 13,800 248,500 . ibse % Shea ure
A28 3 38 5,800 240,500 29, 300 g > 500 13 200 iear
A-19-g 40 g,éoo 245,000 22,800 262’288 . 29,300 238,500 5

- , 200 211 61.60 ’ E 3,000
et e 42000 230,000 Sre00  am300 22,800 265,400 0
a29-1 46 2,800 230,000 95,900 3 0,350 o 295300 2
A—18“12 46 1,100. 230’000 22,400 221,600 e 234’;00 270,300 0
A -17 48 1,200 230,0 24,400 2 5,500 - iy 60,000 0
Ay g 10,30 235’588 177300 gsg,ooo - 24,390 265 500 160
bl 11,200 ! Y 28,000 J400 256,000 0
A-18- 2 ,800 241 100,900 ,000 -~ ’ 131,000
?_%g 20 g 2 L0023 28(03 52" 200 319,500 22(3), .'égo 283,000 100
A-18-16 58 (8,500 240,000 20,700 222,00 ‘ 236’300 80,000 o
A-18 é 58 L’é’ ;OO 250: 000 31,000 272, 880 T ?O‘, 708 67,000 ]3:88
3 00 92 400 ,000 -7 265,0
A-18-11 59 11 235,000 92,400 319,500 31,200 »000 o
4-18- 66 700 24 100, 50 9,500 31,200 274,000
A“‘%g'—i - 66 18,700 25%’383 l: ;Og 319,000 R ;éé, ZUU 08’060* i A?
A-18/ 71 ,100 250,00 92,800 ,000 ¢ ’ 52, 000%
L0~k ~ 16, 600 »000 o 314, 30 229,400 ! 100
A-18- 1 o2 250 86,400 »300 58,000
Pkt g 10,100 2221000 104:g08 gi$’400 S 100 50,000 100
A_"» _ ’ 88 ’900 237 84 ~nony A 000 ,r- 95 OOO O
PR 88 12,600 238’883 95,700 312, 500 263,700 15,000 100
4-18-2 97 %E’BOO 240,000 82,400 ;%g,ooo 2?2’688 76.500 100
. 4 ] 2 0
12,400 238,000 93,000 ;ii’ggg 222’288 50,000 igg
b
92,500 311’500 . 230, 200 5g,OOO 100
T 263,70 50,000
0 50,000 100
1C0

* TIndi
icates that +
t this was
a8 10t the 1
oad at fr
acture, but is given as the 1
e last load
immediately
joy cedi
fracture,



IRBIE 2

AN Stee]

TESTS OF SPECIMEES 12" WIDE MADE AT
UNIVERSITY COF CALTFCRINIA

N0bs =~ 31222

Energy to Max, Load Type of Failure

Spec. No,* Temp. °F : In-1bs, ¢ Shear
A-5 (-9)~(-8) 14,400 0
A=41x 7-8 19,000 0
A4 11 16,300 0 ;
“A-42x 19 15,000 R o &
A-2 31-33 104,000 o 26
-3 50 96,000 o 100
A-1 86 98,000 , 77

[

California as described in their final report.
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Fig, 5 ic" STEEL

PHOTCGRAPH OF FRACTURE SURFACES




(The notch is 3" wide and has at its extremities a cut 1/8" long and 0.010" wide made with a jeweler's hack saw)

Temperature
Spee, No. OF
C=24=7 63
C=24~19 63
C=24-14 73
C-24-17 73
C=24=5 T4
C~24-13 78
C-24-8 g1
-~ G=24,~20 82
C-R4-6 88
C-24-15 88
- G-24-18 29
€=24~10 96
C-24~2 97
C-24-9 107
T=24=1 108
G~24-3 116
C-24-11 116
Q=241 124
G-24~12 124
C-24-16 130

TABIE 3

WoU Steel

TESTS OF SPECIMENS 12" WIDE, 3/4" THICK WITH STANDARD NOTCH

Visible Crack

Energy Load

in~lbs. 1bs.
1,700 256,300
15,100 273,000
15,100 275,000
40,400 286,000
2,000 227,700
12,100 267,500
44300 261, 500
15,700 276,000
45500 255,500
15,900 275,500
33,400 292,000
22,500 287,500
1,900 248,500
15,500 271,000
3,900 249,000
5,800 254,500
30,100 - 300,000
- 10,100 262, 500
8, 500 250,000
14,200 275,000

Max. Loead

Energy
in-lbs,

18,600
32,600
. 29,200
40,400
42,000
40, 500
97,600
42,800
55,200
49,700
33,400
69,700
87,300
91,200
128,900
130, 600
117,000
104, 200
95,300
91,300

Load
1bs.

287,500
281,000
316,000
286,000
291,700
295,000
308, 300
291,200
310,700
293,000
292,000
311,500
308, 500
321,500
370,000
360,000
371, 500
369,000
344,100
374,000

_'[6-

Failure
Energy Load Type of Failure
in-its. 1bs. % Shear

18,600 287,500 ¢
32,600 252,000 o
29,200 316,000 0
140,100 72,500 65
151,400 60,000 59
£0,500 295,000 0
114,600 298, 000 15
57,100 236,800 0
137,100 147,000 40
49,700 293,000 C
45,200 278,700 0
147,300 54,000 58
205,300 17,000 71
278,800 75,000 89
268,900 216,400 63
238, 300 50,000 100
- 329,200 60,000 100
299,400 80,000 100
236,700 59,000 92
291,200 100,000 100



TABLE

TCT Steel

TESTS OF SPECIMENS 12" WIDE MADE AT

UNIVERSITY OF CALIFORNIA

NObs - 31222

: Energy to Mex, Load

Temp. °F in-1bse

32-33 13,400

8/, , 20,300

90 . 72,000

101 ﬂt.' 85,000

120-123 93,000

132-136 . 83,000

141-145 _ 78,000

=
(]

100
- 93
91

* These are the designations of plates 3581gned by the University of

Calllornla as descrlbed in their final report

-28 -
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vix G  "BnY STEEL

PHOTOGEAFH UF FRACTURE SURFACES




"g ¥ Steel

L

TESTS OF SPECINMENS 12" WIDE, 3/4" THICK WITH STANDARD NOTCH

(The notch is 3" wide and has at its extremities a cut 1/8" long and 0.010" wide made with a jeweler's hack sa

Visible Crack First Maximum Second Max. Failure Type of

Temp. Energy Load Energy Load Energy {oad Energy Load Failure

Spec. No, °r in-ibs. 1bs. in-1bs. 1bs. in-1bs, 1bs,. in-1lbs, lis,. Y Shear
BN—21~7 =8.9 4,700 238,000 41,500 272,000 - - 41,500 272,000 0
By-21~1 ~1la2 7,700 240,000 32,900 270,800 - - 32,900 27C,800 0
By-21-~8 1.2 6,300 242,000 41,300 283,400 44,500 279,400 44, 4 500 279,400 1
By-21-~2 9.1 6,400 238,700 59,700 295,700 - - 59,700 290,000 3
By~21~9 9.2 7,700 240,500 53,900 289, 300 - - - 53,900 289,300 3
By=-21-~18 2.9 4,900 243,400 30,000 274,000 - - 30,000 274,000 0
By-21~6 10.0 4,000 240,000 137,000 326, 300 - - 309,100 5C, 000 100
By-21-14 16,0 4,600 245,400 49,200 292,500 51,000 288,000 57,000 288,000 2
B;~21-10 18.9 54200 236,300 170,200 309,000 - - 70,200 309,000 3
By-21-3 19.8 6,500 234,800 125,600 321,800 - - 266,700 199,000 66
By=-21~4 23,8 3,300 227,500 56,100 299, 400 - - 56,100 299,400 3
-21-11 24L.5 6,400 234,800 60,600 294.700 - - 60,600 294,700 3
By-21-15 R5.3 5,900 233,800 29,800 263, 500 - - 29,800 263,500 1
By-21-12 29.4 6,400 234,500 121,500 318,900 - - 293,500 25,000 100
By-21-17 29.8 5,700 234,900 120,000 317,700 - - 290,400 50,000 166
By-21-16  29.9° © 4,700 - 237,600 118,200 320, 400 - - 295,600 22,000 160
By-21-20 30.2 4,900 235,500 119,000 324,800 - - 294,000 40,000 160
By-21-19 41.3 3,400 229,800 123,500 316,00C - - 287,200 30,000 100

By-21-5 2.8 3,800 222,500 115,000 310,000 - - 292,500 41,000 100



Spec.: No*
B-8
B-21x
B-10
B-2
B

B-4

TARIE 6

"BN“ Steel

TESTS OF SPECINENS 12" WIDE MADE AT
UNIVERSITY OF CALIFORIIA

NObs -~ 31222

- Energy to Max. Load _ Type of Failure

TemE.OF ' in-lbs, _ % Shear
(~12)=(~10) N 22,000 0
00 53,000 ) 0
10-15. . 116,000 | ) 87
32-36 " 134,000 B
50-51 ' 121,000 100

g8 - 133,000 ' ' %

é These are the designaﬁions of plates assigned by t@e University of

- Galifornia-as described in their final report.
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Fig. 12 “Br" STEEL

PHOTOGRAFH OF FRACTURE SURFACES
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Eo b

Fig. 14 - Specimen BR-22-12

Showing Striations Along Fracture Surfaces




TABLE 7
"BR" Steel

TESTS OF SPECIMENS 12" WIDE, 3/4" THICK WITH STANDARD NOTCH
(The notch is 3" wide and has at its extremities a cut 1/8" long and ©.010" wide mede with a jeweler's hack saw)

Visible Crack Max. Load Failure
Temperature Energy Load Energy Load Energy Lcad Type of Failure
Spec. No. Cr in-1bs. 1bs., in-lbs. _1bs. in-1bs, _1bs. % Shear
-22-18 -12,7 3,900 234,200 36,700 293,000 36,700 293,000 1
-22-8 -10.3 6,700 249, 300 31,500 283,500 31,500 280,000 8]
Bg~22-9 1.9 9,900 245,000 46,700 296,300 46,800 295,000 2
Bg-22-11 2.0 T 4,800 240,800 92,600 332,500 92,600 328,000 6
Br-22~17 2.8 1, 600 224,800 36,000 290,000 36,000  290,0C0 1
Bp-22-10 11.6 10,100 240,500 140,300 340,100 335,100 74,500 100
Bz-22-5 11.9 7,800 243,300 138,600 346,500 286,800 210,000 59
By-R2~2 12,1 10, 500 239,500 34,300 279,500 34,300 279,500 0 !
Br-22-12 13.0 5,200 232,200 134,000 329,700 310,900 32,000 100 ~
Bp-22-7 13.6 . 6,300 237,300 30,000 280,500 30,000 280,500 1 5
' Bp-R2-20 19.3 3,400 230,000 120,000 325,600 295,100 78,000 100 1
Bp-22-19 19.6 3,500 230,000 120,000 329,300 306,500 40,000 100
BR-22~4 20.3 2,700 230,000 120,700 329,500 315,500 45,000 100
Bp-22-3 30.0 1,000 224,500 129,200 329,500 316,300 35,000 100
Br-22-1 41,5 7,400 230,700 132,900 337,300 330,400 25,000 100
Br-22-6 - 68,8 6, 500 228,500 140,200 327,000 350,800. ... 30,000 100



B~7
b
iB—l
:. B-6

B-3

* These are the designations of plates assigned by the Uhiveréity

TABLT 8

"Bp" Steel

TESTS OF SPECIMENS 12" WIDE MADE AT

Temp, OF
(-35)-(-34)
(=7)~(=6)
2]
50-51
70-73

UNTVERSITY OF CALIFORITIA

NCbs - 31222

Energy to Max. Load
in-1bs.

21,000

36,000
1122600_
114,000

115,000

of California ag deseribed in thelr final report.

Type of Fallure
% Shear

0

o

0
LS

100

..'[‘17..
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“DN“ Steel
TESTS OF SPECIMENS 12" WIDE, 3/4“ THICK YWITH STALDARD NCTGCH

(The notch is 3" wide and has at its extremities a cut 1/8" long and 0.010" wide made with a jeweler's hack saw¥)

Visible Crack Max, Load Failure
Temperature Energy Load Energy Load Energy Lozad Type of Failure

Spec. Ho, °F in-1bs, 1bs. in-1bs. _lbs. in-1bs, _lbs, 4 Shear
Dyy-33-5 ~16.5 4,900 255,500 27,700 285,400 27,700 285,400 0
Dy;~33-9 -2.9 4,800 248,200 31,500 291,000 31,500 291,000 0
Dy-33-1 -2.0 6,400 280,400 36,900 306,000 36,900 306,000 0
Dyg=33-19 4.8 Ly500 249,000 35,700 294,000 35,700 294,000 0
Dy-33-4 449 3,400 238,000 54,700 324,000 54,,700 324,000 1
Djj-33-10 9.6 6,100 250,300 66,400 323,000 66,400 323,000 3
Dy-33-8 9.9 3,600 245,000 130,700 349,200 214,100 313,000 34
Dy-33-2 10.1 470G 245,200 125,300 358,900 280,700 242,000 52 -
Dy~33-18 15,0 L4500 245,700 44,200 321,000 44,200 321,000 1
Dy-33-16 16,0 - 3,700 -243,600 59,500 316,200 59,500 316,200 2
Dy-33-3 19.6 4,500 245,700 127,400 348,800 310,800 30,000 100
Dy-33-11 19.8 4,700 242,600 86,000 338,000 86,000 338,000 4
Dy~33-17 24,8 6,500 259,500 135,400 345,700 311,800 78,000 87
Dy-33-20 2449 2,600 244,100 140,400 355,000 346,700 6,000 100
Dy-33-13 29.8 3,900 249,000 129,700 344,400 324,600 90,000 100
Dy-33-12 29.9 6,000 247,300 125,000  3,3,200 300,600 12510@0"""7?
gg:g;:EA 41.? 4,400 241,500 117,500 340,500 . 314,900 40,000 100

5544, 7,500 243,500 127,300 336,900 314,900 48,000 100

Dy-33-6 78.4 2,900 230,000 119,900 332,500 316,400 60,000 100
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Fig, 88 '"E" STEEL"

PHOTCGRAPE OF FRACTURE SURFACES
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Fig, 282 Bpecimen E-36~2 showing

THUMBNAILS WHICH DEVELOPED DURING

COMPLETE FRACTURE




TABLE 11
NEW Stesl
TESTS OF SPECIMENS 12" WIDE, 3/4" THICK WITH STAMDARD NOTCH
(The notch is 3" wide and has et its extremities a eyt 1/8" long and 0,010" wide made with a Jeweler's hack saw)

Cra First Maximum o Second liax, Failure Type of

Temp., Energy Load Energy Load Energy Load Energy Load Failure

Spegs No. _F in-1bs. 1bs, _in-lbs. lbs, in-1bs. 1bs. in-1bs, _1bs, % Shear
E-36~7 61,3 3,900 229.800 21,400 262, 500%'?: - - 21,400 262,500 1
E-36-2 61.9 2,300 226,500 . 27,600 256,700 %% 27,600 256,700 0
E-36-19 70.2 4,000 225,300 27,000 254,400 39,700 242,000 39,700 242,000 2

E-36-8 70.5 6,100 229,000 0,600 261,000t - - 8,,900 102,000 38
E-36-1 82,2 6,200 229,000 - 39,000 271,500 . 78,800 257,000 181,800 45,000 73
E-36-10  83.3 5,000 227,500 34,500 265,7007°% 84,000 266,000 182,400 15,000 76
E-36~11 91,6 _ 11,800 233,600 38,900 271, ooo"'“% 83,500 264,300 176,200 58,000 77
E-36-9 91.6 5,700 230,000 104,900 320, 500"' - - 246,900 45,000 100
E-36-20 99.8 3,500 220,500 34,400 264,50077 83,400 28,800 196,200 60,000 90
E~36-3 99.8 4,900 224,500 32,800 264,500* 86,800 283,000 195,3C0 30,000 85
E-36-17 106,6 4,500 219,000 101,500 319,900 ¢ - - - 248,400 60,000 100 !
E-36-12 111.6 = 6,900  225;500 87,100 314,000 39 239,200 25,000 100 !
E-36-6  115,0 . 9,000 224,000 103,80C 316,500 1o 242,200 30,000 100
E-36-18 115.6 2,706 221,500 100,800 320,000 251,000 50,000 100
E-36~,  126,0 - 4,500 220,600 106,300 313,700 945 "238,200°  €0,000 100 |

- 4% -

l‘:"l';l [
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Fig, 27 -~ Specimen A-18--13

-y

Lowest Energy Absorption

to Maximum Load

of all Snecimens Tested
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Flg, 28 - Specimen Dn-35-20

Hignest Enerpgyv Abscrption

to Maximum Losad

sf 8ll 3pecimens Tested
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Fig. 29 - Snecimen C-34-8

Example of Cleavage — Shear - Cleavapge

Mode of Fracture
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APPERDIX I

LNSTRUMENTATION_AND PREPARATION OF SPECINENS

”

(1) Notching of Plates: The notc¢h was located in the middle of the plate,

and a jeweler's hack saw, 0,010" thick, was used for the last 1/8" of the:
notch so that the acuity obtaincd would be comparable with that used by other
laborntories that had tested these steels., Figure T~1 shows the detnil of the
noteh and layout of the specimen., The edges of the plates were machined., A
jig saw was mounted on a base as shown in Figurcs I-2 and I-3 so thnt the sow
could be moved at right angles to the axis of the piceo. The depth of the” saw
cut' could ¢ ensily econtrolled., Either a standard hock saw or o jeweler'ls
hock saw can be used in the jig saw, Using this machinc, noteches were obtained

that are similar ond at right o~ngles to thc axis of the piecce,

(2) Mcasuring Elongations Through the Elastic and Plastic Ranges

The problem wns to design & goge which would permit the accurate meegurement
of elongations through the elastic and’ plastic rabge up to the point of failure.
The requirement for the mounting was that the gage should not in any way be

damaged by a cleavage failure. These conditions were met by mounting SR-4

Lo b Lo ~ £,
148

gages on both sides of a
supports at the 9" gage lines, See Figs. IL-4, I~5,. The first SR-4 gages were
affected by moisture; therefore, bakelite SR-4 ghges are now used, These inwe .-
struments are made up of four mnin partss

(a) Gage mountings: The mountings are centered by drilling holes 1/16"
in diometer and 1/16" deep on the 9" gage line at the proper distonces from
the edge of the plate. The hardened steel pins which are inserted in these
holes are n part of the basé piece which is 5/8" in diameter. This wide

support insures stability. Since the width of the test gpecimens narrows -and
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o given transverse plane of plate may rotote, a ball bearing is provided to
perrit the motation of the mounting about the 1/16" éentef;“ The slot in which
the end pivots of the gage are inserted will then riﬂgin.?grpen§§cu1ar to the
oxis of the plece throughout the test. The pins op each-end of the flat spring
permit the flat spring to rotate freely at the ends.

(b} The second part is the flat spring with the bgkelite SR-4 gages
bnked on,

(e) The third part is a frame for retaining the cnd gage mountings in
position, The frame surrounds the test plece znd is held in position by firnm
but unrestroined attachments to the speeimen outside of the gage length,

(d) The fourth part consists of 2 coil spring which is sprung between
the retentlion frame and the goge mounting. These springs hold the nountings
in close contact with the nember but are flexible so that any differential
.chrnge in length bdtween the points where. the goges nre mounted and the points
on the specimen to which the retention frame is attached will be ncconmodoted
by the movement of the spring.

These gnges have proved entirely satisfactory in service and even vith
cleavnge fracture the gages often remnin in positlon after the break.

(3) Temperature Control Charber: The tests necessitated raising the
- tenperature abeve room temperature and lowering it to points well below
roon temperature. A double walled tenperature control chanber of Plexiglas
wag built to permit visual observation, The half-tones, Figs, I-6, and I-7,
show clearly the nethod of supporting the chamber on the test specimen. The
chamber is compececd of two separate boxes held againgt the test piece by =d-
Justable c¢lips. The edges of the boxes are equipped with sponge rubker which
rests against s wooden member the thickness of the test plate, so that the

chamber so formed can be asdapted to the testing of specinens of any thickness,



. In the photograph, the heating elements are shown tngether with fans for cir-

culating the air.

. (4) Descrintion of Cooling System: The cooling system masy be considered

under three subheadings:

(a) Source of Jow temperature

(b) Measurement of temperature

(c) Control of temperature
The source of low temperature was dry ice placed in a double=walled box in-
sulated with fibre glass and marked "A" in Figure 1-8. It is supperted on
cantilever brackets projecting from the movable platform and has a capacity
of 250 pounds of dry ice. The air passes from Box 4 intoéé-mixihg chamber from
which two separate flexible insulated ducts marked "B" cdrry the cocled air,
one to eanch half of the temperature control chamber made of Plexiglas and
marked "C",

In the botitom of either half of the control chamber is a diffuser "DV,
kaving many small holes. After passing through the control chamber, the oir
is conducted through insulated ducts marked "E", similar to the ducts marked
"BY, to an insulated box containing a centrifugal blower marked "F", driven
by the motor shown in Figurc I-8. Between the fan c?ambdr and the dry 1lce box
the slide wvolve "G" is inserted. This valve is operated manually by raising or
lowering the slide.

To determinc the temperature of the spécimen, thermocouples are located
at three points on the specimens (1) in the 3/4" drill hole; {2) at a point
just above the 0,010" notch in the specimen; (3) 53" above the center of the
notch. The fourth thermocouple measures the temperature of the air, The
potentiometer for these measurements is shown at "J" and the galvonometer ot

K" in Figure I-8.
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The erds of the test specimen are covered with sheets of celltdar rubber
ag at "H", and insulating shims are placed between the grips snd the spacers
of the upper and lower crosshcads, The‘dugts ca;rying the cold air to the
Plexiglas chamber are insulcted by wrapping fibre glass around the tubes and
covering them with muslin, This muelin hos been coated with asphalt paint to
prevent the moisture from entering the insulation,

This method hes proved satisfactory; the temperature differential betwcen
the gage ‘at the 0.,010" noteh and that 54" abeve the center of the notch was
;353 for spceimen tested at 17°. For specimen tested at 620F the differenticl

botween these ‘points was Qel Fo -

(5) Accegsorigs are Mounted on Elevntor: The elevater attached to tho
columns supplies sufficient arsa so that nll of the electrieal apparatus used
in connection with the grge assembly and clse the cooling box with the necessary

blowers, can be mounted near the specimen.
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Fig. I-4 GAGES IN CALIBRATOR
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*~ " APPENDIX II °

Nofe§ on Lnad-Elopngation Curves -

It may be noted that some tempera£ures_ého§ﬁ ogréﬁéﬁioad;elongation cUI'ves
are indicated to one degree F and otheré t§ oneﬂﬁeﬁéﬁ of 5 dégﬁee F. This is
duc to the faet thot mere precise ﬁemperature-ﬁeasufiﬁg eqﬁipﬁentlwas available
for the latter tests, For tests run with this instrumentation the average
temperaturc at the 3/1" drill=~hale is given together with its varistion during
the test.

An observation concerning the shape of the load-elongation curve may also
be mode, In the first tests run it was considered sufficient to toke rendings

A nls
CLidg H_I..l'_l

ot
Y
3
-_l

nine inches, While this dods not alter the energy values significantly, it
does tend to obscure some of the finer detanils of gpecimen behavior. In view

of this, the testing procedure was altered to record and plot more points along

the load-elongation curve., As 2 result a rather choracteristic shaone of the wirvove

curve preceding cleavage fracture has been noticed; i.e., 2 rapidly incrensing
slope cs the material begins to behave in o brittle fashion, Examples of this
are to be seen for the following tests:

Figure 24 -~ A~19-]11

Figure 7A - A-19-1

Figure 134- A-18-14

Figure 10C- C~24-15

However, this typc of response is not exelusively associated with cleavage

fracture since it alse is evident in ductile specimens such as

Figure 94 -~ A=19-12
Figure 16C - C-24~3
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It is nalso brought to the reader's attention that a dashed portion near
the end of the load-oclongation ‘curve.indiecates cither an cstimated fracture
lpad or cstimated fracture elongation, or both, In a few tests one~half of
fho specimen failed.before the éther. Wheﬁ this occurred the load-clengntion

CUTVE WS terminated at the last lord at which both sides were still intact,
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