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1T

ABSTRAGT

The present report summarizes the results which have been
obtained to date on notched beam impact testing, and metallegraphic
examination of the ship plate steels which have been used on Navy
itesearch Projects NObs-31217, 31222 and 31224.

In Part I of this report it is shown that the standard
Charpy impact test using either the V- or keyhole-notch or a special
3/4" wide specimen is not capable of evaluating the ship plate accord-
ing to the data which have been obtained for large plate specimens,
However, by usin
strained 10% in tension and which have been allecwed to stand at room
temperature for one month, test data have been obtained which allew
the prediction with fair accuracy of the transition temperature in
the large plates,

In Part II the microstructures of the project steels have
been considered, It has been shown that no simple alteration in
microstructures can be found to account for the profound variation in
energy absorption characteristics in the series of steels which have
been studied., It has been shown that variations in grain size in a
given steel cause large changes in the energy absorption characteristics
of that steel., However, this factor alone is not responsible for the
wide range of energy absorption characteristics which have been found

in these steels,
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CORRELATION OF LABORATORY TESTS WITH
" FULL SCALZ SHIP PLATE FRACTURE TESTS

IHTRODUCTION

Research Progects SR—92*J' 93, and -963 were establlshed to study
the fracture characterlstlcs of steel plate used 1n merchant vessel constructlon.
The sectlons tested under Research Progects 5R-92 and -93 were large scale and
80 de51gned as to 51mulate, 1nsofar as p0551bie iﬁﬂa testing iaboratery? service
conditiohe which might be enqouatered.in merchant”ressels. it.is evideAt that
sueh large scale tests cannot beeome ﬁidely used, so the need for some Small
scale test to correlate w1th the results of the large Scale tests is obv1ous.
;The obJectlve of Research PrOJect SR~96 1s to supply this small scale laboratory
tes‘b.

The general features of shle plate fallure by craeklng are such as to
suggest the use of the standard 1mpact test as a possable means of evaluatlng
:merchant vessel plate= The most serlous type of shlp plate fallure has the
!appearances of a brlttle fallure, a type of fallure readlly obtalnable in the
notched—beam 1mpact test, An 1mpact test whlch appears to be unlquely.sulted
to the requlrements of thls problem 15 the standard Charpy Impact Test, as by
this testlng procedure, testlng.ean pe conducted rapldly and at various temper~
atures, N - - ﬁ .

The in paQ* test, while bein

+

g moderately simple to carry out, is an
exceedlngly dlfflcult test to analyze on a fundamental basis. Thus, despite
the pOSSlble successful use of thlS test to evaluate the steels to be used in

a glven structure, 1t probably could not offer a means of understandlng

the factors which glve rise to_the dlfferlng phy51cal prOpertles

1, 2, 3 - See Bibliography

EY)

* These projects were started under OSRD contracts and were then designated
as NRC~-92, 93 and 96 respectively, These projects are now sponsored by the
Bureau of Ships under contract lObs-31222 &t the University of California,
NObs-3122L at the University of Illinois, and NObs-31217 at the Pennsylvanla
State College.



in a given growp of stecls. o further the wierstanting of these fundamental
factors, a second approach to the problem of ship plate fracture has been
_underta.kena o
| At normai temperatures ten51le test coupons oF Shlp plate pOSSess
A.‘hlgh ductlllty. If the temoereture of test is lowered sufflclently, nis
:ductlllty w1ll ultlmately dlsaopear. in the process of losmng ductllrtv
fw1th decrea51ng temperature, the steel undergoes a change such thet the
| charecter of the racture is affected.- The fractures g0 from ductlle to.
—brlttre“ eed are freonentlv referred to ss shear and cWeevege frectures,‘ren
-spectiuely:l'flt 1s well to 901nt out however that therenls reesoh to.be—
iieve thst;a’closvane type fracture need not always be a brittle fracture )
1he fracturlng process is nou well understood. One of the reasons
fuhy thls.ds s0, is the great dleparlty in tens1le strengths as calculated
' theoretlcallv and as measured exPerlmentally. in addltlon to thls there 15
no fully developed theory of plast1c1ty for metalso TheSe condltlons ex;st

"larbely because of the pauc1ty of data on the orastrc deformatlon and frscture
“of metals." The fracturlnv of metals has been explalned as follows
| E_L : l‘t.o ql: otities,”zf‘no-wn as the 1racture strength (’1 s ) eno

tho flow strength ( ) exlst and have-the follow1ngl

propertles. The fracture strength de310nates that unlt

of stress in ten51on on a unlt sectlon Wthh w1ll cause

ruoture W1thout plastlc aeformetlon but seemlngly not

Ibv chenge in temperaturea The flow strength 1s that unlt

_of stress in ten51on on a unlt sectlon whlch wrll cause

‘plastlc deformatlon.i . | - _ |
~b. In geoerel,,ﬁor metals, the yie}d:stresétoilies belou,the

© fracture strength, so that with increasing unit stress the.

PR



metal is flrst plastlca_ly deformed.
c; 'Plastic deformatlon results in work hardenlng whereb& the‘
| flow strength is ralsed to hlgher.stress levels. ThlS‘”

elevatlon in the flow strength contlnues untll it becomes

equal to the fracture strength at whlch p01nt the metal

A breaks. \ - “
Assuming that a complete knowledge of the effects of temperature
' and stress conditions on the flow— and fracture-strengths were avallable
and that the concepts attendant thereto are valld it should be p0551ble
to predlct the behav1or of a glven steel under any Spec1f1ed service con-
ditions. The evaluatlon of the ﬁracturee and flow—strengths of the project
steels have in part been ooteined,:bnt;dne;to certalnre;oerlmental diffi-
culties have not been complete& asiyet; NP
Additional quantities which may §révé to.oetotinucn‘lmportance in
the analysis of fracture in snlp plate are veloclty effects commonly speci-
fied as the rate of straining, and straln gradlents Several data are in
the literature showing that for a given test condition an increase in the
rate of straining frequently enhances the development of a brlttle failure,
In the second place it has been shown COnclu51vely that ductlle fallures
are always accompanled by exten81ve reolons plastlcally deforned whlle
brittle fallurcs are unaccompanled bf such reglons of plastlcally deforned
‘ meterlal - B -
| All steels were subgeoted to a netallographlc eﬁamlnatlon; Certaln

differences in micro-structures have been detected but as mlght be expected,
these differences are subtle and are difficult to interpret,

The report contained herein presents the results of the extensive




investigation of the impaep properties of the steels which have been avail-
able on the related progects Shr92, .~93-and~96. - The results of a pre-
llmlnarv metallographlc examlnatlon of ;the ‘steels are included.

: Jata on the fracture and flow-strengths. of the steels; the re-
sults of the measurements on. straln gradients; and the effects of velocity
of testlng on theee factors will be contained in a progress report tc be
'releasedlin the fu;gre.:
| o The follow1né persons. have constituted the staff and have contrib-
1uted to the varlous phases of the investigation::.

Gensamer ©+ + s +« s s 4 s « s v . < Technical Representative
P. Klder © v . v v v v v v+ v « . Supervisor
A. Prater ... ... . . 4 o W .. Investigator o
CoVagner . v v v v v w v v w "
L. Fisher .. . . . & v ¢ v v o v S
'Oahﬂack..’oioloat « s o 2 i
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Katherine Fisher . " "
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STEELS
The steexs 1ﬁeest1gated on, this project are listed in Table 1.
TLQ cheeical and spect”ographlc analyses of these steels were carried out
in the laboratorles of the Bethlehem Steel Company at the suggestion of-
Dr. L d Herty, Jr. The results of these analyses are presented.in Table 2,

Oxyﬁen and nltroven determlnatlons made at the Battelle hemorial Institute

" are presented in TEble 3o o



PART I "

- IMPACT TESTING = -

" ‘Hesute of Testing Program:” Impact specimens were oriénted with

respect to thé ‘plate, sd that the long dimension was parallel to the rolling

direction, While the notch was parallel tc thé thickdess direction, These

specimens have been designated LH specimens.

1.

2.

Ths didthods of féprésenting imp'ct data, especially that for
the standard Charpy keyhole-riotch Specimen, have been much
controverted: To eliminaté this confroversy,”insofar as

possible, ‘as it pertains 6 thé steels investigated here, two

' sets of ‘Charpy keyholé-notch spedimens, 60 in-each set, were

tested in the transition range for two steels of considerably

" different energy sbsorption chardcteristics.

The program of -impact testing was initiatéd with the determination

" of the ‘erfergy absorption characteristics of the various steels,

“ " using tést bars of standard dimensions; namely, 394 x .394 x

' 2,165 inches notclied with the standard keyholeand V-notches.
' The Tésults obtained with the étaﬁdérd'Chafpyzspecimens did

‘ot orrelate well, quantitatively, with the results obtained

with the large plate specimens, ' A third specimen was employed

in an effort to obtaih‘betﬁef'agréemehﬁViﬁﬁﬁhé‘two cases, This

* specimen'is an LH Charpy bar, of Width equal to full plate

tﬁicknéss,“byIQBQA‘k'2.165"'inéheé..'Tﬁé'ndﬁéﬁ'ﬁés a 1/32-inch

rectangular notch ,197 inch deep, © =~ 7

Sections of the 72-inch wide' plates, ‘approximately 1 x 3 feet,

‘and bounded on one” edge by ‘orne=half’ thé ‘notcH and fracture,



were received for tebtihg. Standard LH Charby keyhole-notch
specimens were taken from these plates as indicated in Fig, E~3.
. 5. Test results (section 4) indicated that straining had a
_:considerable effect-on -the transition from ductile to brittle
. failure, as revealed by the impact test used. It was deemed
possible that some relationsiip between degree of strain and
_energy absorption could be used to correlate with the energy
- absorption characteristics of the large plate specimens. To
‘examine this point, series of standard Charpy keynole-notch
. bars were prepared from stock which had been strained in
‘tension.along the rolling direction to 2, 5 and 10% in elongation .
- 6. The metallographic examination of Steéi'N revealed that this
steel had a grain-sizéfappféciably'fiﬁef;thaﬁ that in the
~other project steels.: Since‘grain‘Size‘is known to effect
the energy absorption characteristics of a given steel, it
was deemed advisable to check sets of specimens that hagd
_been heat treated to develop different gréin sizes, and which
_ E__\«15;31;.-,63‘{c,l'l’sa‘ne’c,_est,ed using_standardiCharpy kéyhole—notch specimerns.,
. ... Steel C has proven to be an.espécially'infefeéting steel for
_the purposes.of .the related 8R-92, =93 and ~96. To be
By . assured that the results hitherto dbtéined'fof impact testing
of this steel were typlcal teSﬁ'sedﬁionS'from three other
. plates were obtained and-tested‘usihg'thé threé types of
test specimens, | o
‘8, Questions-have arisen'as to the différences inherent in plate
- of different thicknesses due to the foliing pfacess. To

clarify these questions, tests on steel C in plate thicknesses



E

of 1/2, 5/8, 1 and 1-1/8& inches have been conducted. The |
test specimen has been the standard LH Charpy keyhole- and

V-notch specimen,

Tééting Procedure: Impact testing was carried out to establish
the felationship Eetween éﬂergy absorption and temperature, With but one
noﬁable exception ﬁhe testing consisted in placing a minimum of three specimens
in‘ah apﬁropriate medium at the desired temperature, and helding for about
10 minutes to allow thermal eqqilibrium. The specimen was then rapidly trans—
fefred to the tesﬁing machine and broken. This transfer took place in a
very short time sc that no teméerature change occurred in the specimen.

The exception to the procedure outlined above, consisted in
cooling only one specimen to the desired temperaturé and testing., The
same number of Specimens were tegted by shortening the interval between
testing temperatures,- This ?roeeégre was'ébaﬂdoned becagse of the difficulty
in constructing average curvéé‘tﬁrough'the peints obtéined. No real average
could 56 used, the average being drawn by:means of the eye alone,

The Graphical Representation of Impact Test Data: There is need

for clarification of the method of representing the impact test data, es-
pecially that obtained for the.stand;rd Charpy keyhole-notch specimen. The
argument is offered that‘the data.oﬁtg}ned for this test specinen are in
general best represented by two curves, one at high energy aEsorption‘level
and one at low energy absorption levéi, The two curves are understood to
overlap for.some temperature interval giving rise to a transition region

as represented in Fig, 4, —(4). The representation of the data in this

manner is predicated on the contenti

i 1
Ciiv 243 Ve LGl T Rl

O

yield either high or low numerical values for the energy absorbed. If this



predication were in truth correct, it would void the normal practice of
representing such energy absdrption data by meens'of.oee‘centieuous curve
as in Fig. A, ~(B)., =~ o

Now it is very convenient to be able to repreeeet'fﬁe impact
properties. of a given stesl by means of a echtinueﬂS'cﬁrve”'eﬁe while it is
certainly: cerrect that certain data can best be represented by curves Slmller
to Fig. A~(4), it is desirdble to‘know if the data, in general requlre such
representation for the steels investigated here, Tb answer thls questlcn,
one -set-each of steels -Dr and -£ (bars were taken from center of plate)
consisting of 60 specimens: each, were prepared. These Spe01mens were standard
keyhole-notch specimens, and ‘were mackined with no more nor less care’thanl.
the other impact specimens received, |

The 6C..specimens of each steel were teeted;in whae is coneidered..
to be the transition' range for the reepective eteele" iéétiﬁg eonditrensl
conformed to those in general obtalnlng when lmpact speulmens are 'testedou

‘The test. results are presented in Flgs. A - l and A - 2. Tne Solld
lines have been drawn through the éverage'pdiﬂte while.the‘doefed Lines are
curves previcusly obtained for these twb'steeis; e

The data presented in Figs;'é‘é'l”and.ﬁ - 2, ii is‘eeiieved ere |
best represented by the contimious curve whlch is drawn through the mean.
values, It is believeéd that for these data a completely erroneous 1mpresslon
would be created; if reépreésentation were attempted u51ng a dlscontlnuous
curve of two.branches, one at-‘nigh energy ebeorbtioh, fhe.oﬁherlet low
energy absorption. ° | SR .7 |

an examingtion of Flgs. £ -"land 4 -2 glves some notlon as to
the reproducibility of results.  In ‘both instances the curves have been dis—

placed at extreme ends of the ‘transition’ reglon whlle the temperature at



which 50% of maximum energy is absorbed is but slightly displaced. This

" leads to ‘the impressich that this temperature in general, is more easily

determined accurately, than are other values of temperature at arbitrary

" eneriy absorption levels,

© From thé above, it -will be gathered that nearly all energy ab-

:”sorption’curveS‘have been drawn as continuous curves. dith but few-exceptions

this is true, In these excepted cases; the detail plots, only, have .been

drawn as dlscontlnuous9 whlle in summary curves, continuous curves, only,

N have been drawn. It 13 not p0551ble to discuss the probaem at length here,

_ but tt w1ll be noted that those data represented by dlscontlnuous curves

',have been obtained for Spec1menu prestralned in some way. ;t is belleved
that thls prestraln espeﬂlally at low straln values lends materlally to

,‘soatter of the test data. » | | o |

The Tabulatlon of Impact Test Data The de31rab111ty of u31ng

numerdcal values for 1ndlcat1ng the results of a glven 1mpact test study is

obv1ous The numerlcal values whlch can be taken from 1mpact curves and

retain their stgnlflcance, on the other hand are not at all obv1ous

oeveral factors must be con31de1ed in de01d1ng thls p01nt. first “if a

_ certaln p01nt is known to have phy51ca¢ 51gn1flcance 1t should be considered,

1f 1t oan be represented numerlcallyo becondly, 1f the condltlon set down

. in the flrst 1nstance does not recognlzably ex1st whlle a polnt known from
‘experlence to be 1mportant does, thls second p01nt should be stated Finally
for an arbltrary representatlon as it is belleved holds here that point

;lwhlch is subJect to the least error in determlnatlon should be stated from

.the foreg01ng seotlor th;S would appear to be that‘tenperature at Wthh one-
half maxlmum energy absorptlon is obtalned The transltlon temperature in

this report is defined in thls WaY. .
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'In 4n‘earlier report .(SR&9@)@,4.value‘ofwlglgts‘lbs.xenergy ab~
sorption was econsiftered to be ‘an important numerical value in classiféing
zdﬁafpy iﬁcact:teét=data?fcr¢standard‘specimens;emplcyigg_thehvgnotchtj Further,

energy absorption values in this range are commonly U:se_d,ig sgeciflcationsn
:ﬂeﬁ‘tﬁis‘fange'df”eHErg&5absorptionévaluesgrqughly ccrrespcpds tc.oce—fourth
cf'haxlmcﬁ eﬁérgy'absorption:ffThereﬂore,;the.temperatare;at which these latter

values ‘dre fotnd aldo are reported. for. the steels,

Results of Impact Testlng

b V~notct sceclmens. .The results of lmpact ‘testing for the

. standard LH Charpy V-notch sceclmens are cresented graphlcally in Fig. B-1,

: Detall plets of the data are found in bl . 5—4 to c-lj. ' Kumerical data taken
from these curves are tabulated in Table B along with the transiticn tempera~
- tures for the 72~1nch W1de olate tests At fifst siEht'lt?aDDQAfs'that this
test, with one exceptlcn; allows qualltatlve evaluatlon of the steels.
_auantltatlvely, however, nc suc h agreement ex1stsl the Tow ‘temperature

) caordlnate belng hlghly contracted the hlgh tenperature coordinate being
-gegpanQed L Lo .

Closer exaw1natlcn of the'data reveals relatlonsblps ‘which make

. dogbtful the acceptance even;-of the qualltatlve evaluatlon of these steels

: . B'and D for the
_72-inch wide olates are all gsouped 15 a.lOOF tei . rature lﬁterval’(Table B),
Ccn31der1ng the. accuracy cf the test resultslthese steels should be con—
sidered a8 belng 1dentlcal 1n tbls reSpect Por the small scale tests, how-
_ever, the tranS1t10n temperatunasrange from lOO to 90°F W1th steel A being

uﬁrepresented as 1nferlor to both steels B and D.

Steels 4 and L were melted tc have the same nominal chemlstry, it

4 See Bibliography
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being anticipated thdt they woulid then have the same. physical properties,.
The -inpact ‘results reported here indicate that: this duplication has in all
respéct’s beéen ‘successful, . The steels seemingly have the same temperature -

" energy absorption properties. These results predict. completely erroneous
‘results to be obtained in-the large plate tests,. .Steel & has a transition
ﬁémpefature in the large plate tests roughly 55%F 1éss than that for steel C.
The analyses of these iwo steels reveal that steel C contains. -
appreciably higher péercentages of nitrogen than does steel A, and the im-

AAAAAAA a 1

~ pression has ‘been formed that this difference in nitrogen content -can account
“'for-the differences: in the physical properties of the two steels. . \Whatever
"be the Feason ultimately accepted to account: for these differences in.per-
formande in the'large plate tests, it is emphasiged that. these differences
have not been suggested by the data obtained with the Charpy V-notch impact
bar.,

© '+ A final comparison of the data, for steels C and E, is made. By
the large plate tests these twé steels are~revealed.as-having~the same

phySical*propEPties;‘in so far as their susceptibility to brittle failure

4

is concerned.: But for the impact test these two steels are revealed as being

different from one another.

©- It is evident that the initial impression that this. impact testing
- procedure evaluated thie steels in the proper order qualitatively, is ah.un-
fortunate one, and cannot properly be retained. The question’ arises as to
whether this is really a -serious disagreement. -1t might be.suggested that
‘while c¢ertain minor disagreements are noted, differences in the order of
magnitude are not, It is believed that any such .suggestion: should be dis-
couraged, ‘Actually the physical properties of the steel A and C appear to

be very nearly: extreme values normally obtained for merchant vessel plate
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by the large plate test. ‘Thus to materially improve the physical properties

of steel A would require the usage of (at,lgast)Jaiful;y killed steel, A

. slight decrease .in carbon ¢ontent with an.increase in manganese content

does not, appreciably. improye the physical properties as revealed by.the large

. blate tests for the semi-killed grades of steel. A{ the same.time the sus~

ceptibility to brittle failure in the large -plate tests of steel C is fully

.28 pronounced as that for steel E which is a rimming steel..

It would appear theq_that_the impact tesp as(qoqducted,hgpe:is
not capable . of

reggsinn as to th
ressSion as Lo Lo

steel which may be anticipated when that steel is used in.a large structure.

~ This does not seemingly result from lack of sensitivity on the part of: the

~ impact test. There appears to be a basic difference in the two .types:of

testing, in which instance a complete agreement for all tests could not be

expected.

B. Keyhole-notch specimens: The results of impact testing for

Detail plots of the data are found in Figs, C-2 to C-13. Wumerical data taken

_frqm‘thgse curves are fppnd in Table C, with the data for the large plate
tests,

By this test a better gqualitative evaluation of the steels is
ébtained;ﬁhan_foyhyhe V-notch,sP?cimenfi Aga;n.there is g-ve;y,seripugzdis_
fortioé Of;ébe_scale_of transition te@pgratures. In addition there are
cuaiitat;vé disagreements betwegn qgrtaip‘qf thg data_obtained here and those
obtaiped‘fqr'Phe'large“plate.tests,,HAga?n:phgrg_hasxbgeg no separation of
the’ﬁransiti;n,temberatqre for steels A and C, .

~ The transition temperature for steel A is about 20-30°F higher

than that for steel B, while for the large plate tests these steels are
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_nearly iQQntical. -(Th@ﬁtransit;onitempérapureﬂfor,gteel & is indicated as
being about 15% higher than thaﬁ for steel C, whicp,is hot in agreement with
the large plate;pggpsf)__. B A

The comparisons which have been.mgde above are incpmplgte due. to
dack of data for the large plate tests, .For the steels which hayetbgen_
-tested, however, if may be. concluded that the keyhole-notch Charpy impact
test like the V-notch Charpy impact test is not capable of an unambiguous
evaluation. of the plate which might find usage in merchant vessel construction.
~Again two serious objections to the use of the impact test can be offered,
. namely; (1) exéessive-distortionzpf.the,scale,qf_transitign temperatures,
necessitating the use of a complicated correction facter to predict accurately
.. the transition temperature in the large plate tests, (2) for some of the
.-steels an improper. qualitative evaluation of the steels is obtained from the
impact data,.. .

2 C.. In view of the objections to the conclusions arrived at in

Charpy bar was employed. - This bar was of standard length and thickness,
but of width.equal to full plate thickness and notched with a 1/32-inch
- wide ,197".deep rectangular notch,
7,_m$heAresults\pf impact: testing using phisﬂtest‘harﬂare,pre§en§ed
-graphically in Fig. D-1, Detail plots of the data are found .in Figs. [-2
to D~L3,.-Numerical_gata,taken‘frgm,these_curves are tabulated in Table D
with the data for the large plate tests,
=,-_:Gc—_:grt_-,a_i-n,dii‘ferenpeg_.in.the;relative_evaluabionpf the steels as
evaluati

n by the standard Charpy b
v A L
data, however, are subject to the same criticism which has . been leveled

at the test results for the standard Charpy bar, There is little other-



1

' than the decreased coSt of specimen preparition then to recommend continued
'use of thls test bar.

Discussion of Imnact Data -~ oections A, B and C: It is.-implicit

in the foregoing discussion that -the most important factor which prevents
ee_intuit;ye approach at correlating the Charpy impact data with the large
'p;etelteef data is tbe_;a9k;°f-@ sharply defined transition.tempsrature for
'ﬁhé dﬁerej_impact‘testa__Because:of_this¢i§;is,not possible to ‘compare

energy absorption curves of the same form.(in the two tests) which leads to

‘hﬁdie'tranéit;on temperature shall be arbitrarily fixed to allew discussion,
bbﬁt it ehogidrﬁe_kept‘in mind that there is no justification on physical
g?eupds for this selection.. Alltransition temperatures. in this:section are
tagep es thet teméeratu;e,atwhieh one-half the; maximum: energy absorption
is oesefeed. At higher temperatures the failure will be considereéed as
essentlally ductlle Whlle at lower temperatures the failure will be con-
:31dered as essentlally br:.tt:l_e..E

The_ transition from ductile to brittle failure in-a test section
2ie visualized as depending wn the steel and on the -geometry of the test
eeceion and on testing conditions. The.idealized results for 3 steel tested
in the large plate sections amd in the Charpy keyhole and V-notch impact
tests are presented in Flg. D-a.. The transition range for-this steel is seen
to lle at three dlfferent temperatures which are characteristic of the test
sectlons employed.

In the dlscu351on below Z& Ty will designate the -difference in
tran51tlon temperatures for the large plate tests and for the Charpy keyhole-

notch 5pe01mens A second subscript designates the steel, as for example,
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[}.Tl Bf.ie the difference tnntrahsition temperateres for steel Br between
the large plate tests and the Charpy keyholemnotch tests, Llié in striect
analogy'w1ll pertaln to the Charpy V-notch test data. | .

For the purpose of a control test 1t must be aSSumed that ‘the dis-
placeaents tlTi and ll‘T are functlons of ‘thé geometry of the sp601men
only, 1f this test is to be properly employed. If thls condltlon were
correctly assumed a change in the tran51tlon temperature for the large plate
test would appear as a change of the same 51gn and of comparable order of
ﬁagnltude for *ue transition tenperatures ofltne keynole and'v~noteh'Cnarpy
bars‘ The evaluatlon of the steel‘would then consist in the determlnatlon
“ of the tran51t101 temperature for a standard test bar in this case a standard
Charpy bar, the addltlon thereto of 40 Ty if the’keyholemnOtoh épééimsh were
ueed' or the subtraction therefrom of £ST2 if tﬁe’V—ﬁetch speeieen‘were used,
ThlS would glve the tran81tﬂon temperature to be expected in the large plate
test o

' The euestion'ariSes‘as.tolwhether"or"hpt”this treatment is adequate
'or\not for pra¢£i¢51'hsé, as in'thegcomparisoh‘tests éaf}ied out’here: To
better understand the 515n111cance of the data, idealized plots of the data

for steels Dr, Br, A, C and E for the large plate test and for the Charpy

léﬁ D"be These _dealized curves

I_lj

‘ kevhole and V~notch tests are nres ent d l;

have been drawn parallel to one another w1th the value oflteaperathrezat
50ﬂ maximum energy aosorptlon belng taken from.the data If thls Slmpll-

flcatlon is not made the relatlonshlps Wthh exlst are even more compllcated

‘a!r_ L

than those 1ndlcated in Flg, Dmb

s

It is ev1dent from Flg. D—b that the eorreotlon factor HTy is not

constant for the various steels nor is £3T2 hore serlous than thls
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however :Ls the fact that neither A Tl nor DT2 varles unlformly from one

i

end of the serles of steel to the other end. If thls were true, Z) Tl or

7

5H T, could be progre551vely chanbed from one steel to the next and the

_ proper answer for the large plate test could be oota_tned - S:}.nce s Ty and

FAY T2 change dlscontlnuously, correctlcn factors cannot be used p oparly and
the means of correlatlng the control test are serlously weakened
'I‘ne numerlcal comparlsons oi‘ A T2 reveal that thls value is a

mlnlmum for Steels B and C but for Steel B, ﬂTz must be added whlle for

1

.the remalnlng, steels it must be subtracted To a i‘lrst apprOleatlD'l

Q T2 E = 2AT2 C wh:l.le 1.\1‘2 A = 3 AT2 o The s:Lgn ofATl is plus in

%,all 1nstanoes but its maﬂnltude varies erratlcally. Thus Cllj_A is the .

mlnlmum value observed but to a flrst approx1matlon.£lTl B = Tl C = 2‘£lT1 A

:.wnlle []Tl p = 3 lﬁTl A.

It 1s necessary to conclude that whlle the 1mpact tests conducted

as in sections A, B and C may afford some hotion as to the behav1or of the

“‘steel when 1t is used ina structure thls predlctlon very well may be in-

correct, The test must at best be cons:l.dered only partle.lly relle.ble there-

. for‘e. _

D. Impact opecmnens from 1aree plate tests Sectlons of the

72~1nch w1de test plates were recelved and were tested uszng standard LH

Charpv keyhole—notch upe01mens taken from the plate as 1nd1cated in Flg. E-a,

These tests were to be run to check the :meact propertles of the :Lnd:l.v:Ldual

plates but 1t soon oecame ev1dent that the straln to whlch the section tested

had been subJected, serlously affected the results. |

Desplte thls effect the lOC&thl’l of the :meact sPecunens was not

i

changed to the area under the notch as :Lt wa.s deemed as more J.mportant to
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preserve the'strein-free material, '-This strainefree plate will ultimately

ment, This p01nt will be con31dered more fully in a later section.

The test results are summarized in Figs. E-1 to nFlO Detail
plots of all curves are presented in Figs. -1l to. u-34. Numerical‘dsta
are presented in Table E with data for the large plate tests. These results
are extremely interestingn

Specimens taken from those plates tested at temperatures low as

itien temperature'te be expected from the results presented iu Section C.
This temperature is materially altered, however, for Spe01mens taken from
plates tested in the transition range and above. Thls change in transltlon
temoerature is p051t1ve in all-instances, but the absolute value for each
steel is different. The final ¢onsequences . of , these. varled changes in trans-
ition temperatures'are that speClmens~taken:fromApletes tested at the
| highest teeperatures'giue a transition temperature pearlyhequal te.that ob-
served‘ih theulsrge'plate tests. Thus the straining and p0s51ble Toom
temperature aslne to which these steels:have been sub1ected hes served to
alter the gnergy absorption characteristics of the steels but_lp a uninue
way. o .

| THese results indicated that the:energygebsqrptionleﬁerseterietics
of tﬁe'steels determined as’a funetien.of(thenstrain_to whieh:they_had been
subjected Were important data to obtain. . The resultsrofwsueu'e study are
the subject matter of the next section, |

E. To determine guantitatively the effect of strain on the impact

properties ‘of the project steels, series of specimens strained in tension
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invthe'rolling,dirgotion to 2%,.5% and 10% in elongation were prepared, - The
3 ng

specimen selected was a standard LH Charpy keyhole«notch specimen. Steels
A, B8, C, D, = and H were investigated.
- The results are summarized graphically.in Figs, F-1 to F+8, Detail

plots of these curves are presented in Figs., F~9 to F-32, Numerical data

©.are presented. in Table F,

. L A
- Prestrain rnlues between 5%

As was anticipated from the results of ths preceding: saction, the
prestraining has altered the transition temperatures: of the various steels.

mAd 10F a
Y.~

nronr A ATr
apeal WO

5% and 10 give 1
changes.: In Fig, F-8a are summarized .the impact data for the stesls studied
for prestrains.of 10,

The. impact data now correlate very well with the energy absorption

characteristics of - the large plate tests if the transition temperature is

~:-taken at 50% maximum energy absorption, {See Table F-c).- :There are certain

quantitative disparities but qualitatively the steels are properly evaluated,
It.is interesting to compare the effects of prestrain on the ih-

dividual steels, These comparisons at 504 maximum energy absorption: are:

contained in Table F, Rather unexpsctedly it is séen that prestraining is

much more :potent in changing the transition temperature for the steels D,

which are fully killed steels, than it is for any of the other steels, but

-steel G.: It is.alsc indicated that the normalized stésls ars not so dras—

‘tically affected as are the as-rolled steels.: This may possibly be due to

cold work resulting -either from low finishing temperature or straiglitening
operations.
.In the course of preparation specimens: were held at room temperature

==t 1L Al el

for one month after straining. This gives rise to the possibility of room
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temperature aging as qausing'thapihcfeaaetin the transition temperature.

aging in these steels, This is an important item and a program has beéen’
outlined to.allow the investigation of the effect of ‘straining followed by
reom temperature aging of variocus times on the impact properties of these
steels, |

F. In the course of the metalilographic: examination, it was' observed
that the ferrite grain size of steel N was very appreciably smaller tharn that
for the cther pr
properties of a steel to a very marked extent, it was deemed desirable to -
evaluale this factor for steel N.

To prosecute this-investigation three sections from the large -
plate test section,Nfl-A7“were given the following heat treatments, réspectively.
N-1-A (1) was normalized from 1650?F; N-1<4A {2} was normalized from 175OOF;
N-1-A (3) was furnace cooled from 1850°F. . This.final treatment gave rise
' tora,ferriﬁe;grain size comparable to that existing in the other project steels,
Test results are summarized ia Fig, G=1 to‘G—avr-Photbmicfographé'OT the"
sections are presented in Fig. G-5. .

L Tha.twb normalizing ‘treatments have.evoked no change in-thélimbact
properties of the steel, neither has:there been:a change in grain size, The
furnace-cooled steel, on the other: hand; ‘while sufferihg.a considerable
growth in grain size has alsc suffered & very marked deterioration in impaét*
properties, . The change:in grain sigze from £AsT 410 (extrapolated to #10
to #12) to ASTM #6 has displaced the transition temperature measured at 50%

of maximum energ LOOF, This i&'a -rather st

in the transition temperature.

7 See Bibliography
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G Due to the great dlSSlmllarlty of steels A and C in the 72~inch
w1dernlate tests and due to the fallure of the 1mpact test to establlsh this
dlfference, 1t was felt de51rable that further plates of steel C should be
examlned to make certaln that the results 1n1t1ally obtalned were representatlve
of all the plates 1n thls heat For thls purpose small sectlons from three
addltlonal 6' X lO' x 3/&” plates were ootalned and tested using each of the
three test bars. The results are presented in ng,v Hul to H-12. The test
.results 1n1+3ailv obtalned are denoted by the dotted nes., :Lt la evident
‘that thJe scine varnatlons are observed these Varlat one are not 1mportant
| ones. The :teel Cis stlll evalnated as at flrst 1ndlcated

| H. Plate of various thlcknesses is requ:red 1n the construction.
of various structures maklng up a merchant vesset. For ‘the constructlon
of hatch corner sectlons, plates of steel C were. ernlshed in the following
‘:thlcknesses.. 1/2”, 5/8” 3/ ", l" and lel/8” It was fell that sections of
these dlfferent thlchness olaues should be testeo to determlne the poss1ble
varlatlon in 1mpact properules due to dlfferences in fabrlcatlon processes .
by Wthh these dlfferent thlcknesses are achleved. In the_thlcker plates
there also exlsts a p0551ole varlatlon in propertles from the rim to the_eore
of the plateo The testang program con61sted 1n the determlnatlon of the
enerzy absorptlon - temperature reletlonshlns e&lStlng in the center section
of plates 1/2" 5/8” l" and l~l/8" thlck uslng standard LH, Charpy specimens
with the standard ﬁeahole— and V—notches. in addltlon the energy absorpt;on -
temperature relatlonshlps for the rlms of the l” and l 1/8“ plates were
determlned uSLng the two Charpy test bars.

The data ootalned are summarlzed graphlcally 1n Flgs K-l and £-2.

Detall graphs are presented in Flg. k-3 to n~lh.. uumerlcal data are presented

in Table K,
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.The‘transitign_tempefaturefis very greatly altered by changing
. plate thickness from 1-1/8" to 1/2"| The r&te.of change of the transition
temperature with change in plate thickaess from 1-1/8" to smaller thick=-
nesses ‘is slow at first,; there being but a moderate decrease in the transition
temperature as the thickness is decreased to 3/4", when the impact specim@n
is the standard Charpy V-notch specimen. when the thickness is decreased to
 1/2%, however, there is a large decrease in the transition temperature.,

For the standard Charpy keyhole-notch specimen the reduction of
plate thickness from 1-1/8" to 3/4" lowers the transition temperature by
about 40°F,. The reduction in the transition temperature resulting from the
change of thickness from 1-1/8" to 1/2" is nearly 8c%, .

In the 1" and 1-1/8" plates the rim is found. to have slightly
better properties than the core, . This condition is not especially pronounced,

+however.

~.AIn the foregoing pages data have been presented to.show that. the
~standerd impact test as normally conducted does not yield a reliable predic-
~tion of_the.fracpurelcharacteristics‘(brittle or ductile fracture) of the
~8teel when it is; to be used in a full scale structure, . A test has been de~
veloped which, with no. serious exception, properly predicts the transition

temperature of the steels for which data are available. This test consists

£
at room temperature for about one month after wnich time it is tested by the
standard Charpy_#gyholefnoﬁch.impact.test¢
The effect of grain size on the energy absorption.- temperature

characteristics of steel Nl have been studied to a limited degree. It has
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been showh'ﬁhat one of the reasons for the excellent low temperature impact

The treatment of thls steel'to develep a grain size comparable with that

found 1n the remAlnlng progect steels raises the transition temperature by

approxlmately 14009

The testlng of additional 3/4” plates of steel C has shown that

_ the 1n1tlal relatlonshlps establlshed between energy abscrption and tempera-

ture are correctu

' 1

at a change in plate thickness may serlouSLy

[y
oy

W

o

O
oo
=

=

=

=y

medify.fﬁe rransition eemperatere is'a giveh'steel, as deﬁermised by'fhe
notched impact tests, | |

o .. This brlefly reiterates those p01nts of 1mportance which have

been emeha51zed in the presenbatlon of the exPerlmanal data, It would
appear that the foregoing experimental work to a satisfactory degree explores
the possibility of the use of a standard impact testing procedure to pre-
dict the behavior of a"girenlsteel'When if‘is‘ﬁo be used in a large structure.

Thls 1nvest1gat10n has revealed the p0351b111t1es of usmng a specimen pre-

stralned to a Elven degree to glve th nume al La reoulred- However, it

has not led to a ratlonqllzatlon of the reasons why thls prestralned specimen

w1ll glve the correct answer when used as Spe01f1edn Untll such rationali~

zatlon is achleved or until further tests for comparlscn of the two types
of test eata (stralned Charpy bars Vs, large plate results) are available,
this test should be used only w1th some reservatlon° In the meantime further

steps to rationalize the impact test are being pursued;'”These additional

[}
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place by a :similar process to that that leads té the fracture of a large
.plate specimen, -The differences in results (transitioﬁ température for the
large plate section and the small test sections, then must result from
~quantitative differences in the .factors active in'the fravturing process, -
thus take on the guise of the so-called "size-effect!,’ -In this manner of
thinking the "size-effect" would appear to be composited of several factors
interrelated in some mathematically complicated way. One of these factors,

. which comes to mind immediately, is the geometry of the test section. The
change in geometry if it does not lead to extremely small specimens and ‘too
. severe notching should not introduce variables seriously dependent on the
grain size of the steel, but should lead to changes in stress conditioms only,
These changes in stress conditions could, however, be anticipated usually
_within reasonable limits, and test conditions could be adjusted to reduce
differences, insofar as desired., Thus there does not ‘appéar to be -any reason
why the "size-effect" cannot be eliminated as a variable thus making
ossible the use of a spall sc
~ size plate,

| After these considerations a more close comparisen of the test
conditions obtaining in the impact test and in the large plate tension test
is evidently needed. ' A first difference arises in the consideration of the
type of test. The impact test is a nobch-bend test while the plate test
is a notch~tensile test. The stress conditions in the two test sections are
very much different if the overall stress systems are compared, But if the
stress conditions at the bases of the stress.raisers are considered it is
found that these are rcughly comparable at the start of ‘cracking. " (cf ? g,
Neuber: "Theory of Hotch Stresses™.  Translated by Fy A, Raﬁen;'mavy

Department, David Taylor liodel Basin, Vashington; D. C., 1945.) .Jue to the

5 See Bibliography
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drastlc chances in testmng copditions: ardsing in’ the 1mpact test bar ~as it

‘is bent and as the crack progressesy: - the: ‘stress’ condltlons in the test bar

TP AR SETU -

depart very serlously from these obtained: i the notched ten51on teet
[fThus in the notched tensaon ‘test the éntire’ sectlon is loaded in tensmon.

® i, L e

.-“
I

"This means that 1n the 1nstance of. a crack belng propagated at Suff101ently

: . .
17 W

hlgh veloc1ty the sectlon has., .no,_chance. te” unload, even 1f the phVSlcal
surroundlngs were modlfled -epough. by :the. initial crack:ng to ullOW this to

S R

! take place 1he entlre sectlon then: fails,” In the bend tCut bbl? 81tuat10n

. )
et kol o] 3 e
does no 0. In the notched ber :

; P

Y fhbre than onz- half of the cross section is a zone of compress1on rntc whlch

¥

the crack is belng propagated It is evident that a5 the crack is prcpagated
i ess the stress ccncentratlon should . 1ncrease (whlch does not happen cf
g Neuber supra) the mazimum stress at. ‘the'base’ of the effectlve notch de-
creases. (Thls results from the fact that ‘the vrack moves at a rate much
hlgher than the rate at which the hammer in the impact machlne moveslj In
order to malntaln the stress at the basé of the ‘notch tc a level prcducmng

fallure 1t is necessary that the .specimen ‘be bent more.h In the upper temper—

‘the two haives of the peat;bar do not: part completely'but are ent back
alcng the tup and carrled through with the hammer;7 These changes are such
that” they expand the range of temperature in’ ‘which’ the fracture changes from

an entlrely ductlle to an entirely brittle failure, It would appear frcm

this” that the 1ntermedlate values of. energy'absorptlon do not eXhlblt a .

fundamental aspect of ‘the metal ‘but merely reflect a chanve in geometry

¢

in the test SpeCJ_men° GhE

» L SRS
0 - Jrp

If thls change in geometry could in effect be ellmlnated it would
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extremely abrupt in most cases, This argument, while inberesting, cannot

I U B JAEEN
u..uu.l...l.. bUllaLuGl Vio Ua

cL :"

be develop

thisrllmltatlon it allows the f1x1ng of certain’ ‘boints on the vdrious: energy

absorptlon curves as belng roughly comparable and thus pointe the way t6 the

develOpment of a laboratory test procedure which can effectively predict

the cracklng characterlstlcs of a glven stieel if the service corditions are
known. It is ev1dent that the test specimen should be notched so that.the

"sﬁféss conditions simulate thOseJenoicipaﬁed in service.

Assuming that the stress conditions in the test bar at the start
of test simulate those found in fhe'large'plate, it is necessary to consider
those points on the energy abeorﬁﬁioﬁ curve which aré equivalent for the
tﬁo differeht modes of testing, Now to a first approximation, the transition
temperature reﬁge'for the large plate tests can be considered as being.
negiigibir'n;rroﬁ;'i}e.; intermediate ‘valies of energy absorption can be
obtained only with appreciablé difficulty, and only within a tempersture
interrel:oflid;iSQF; Dn‘fhé"other'ﬁand, the transition temperature range:
555 the iépaéé’ﬁest{is-ﬁéry large. In the discission above it has'been -indi~

n +eﬂneratnre-raﬂge715hit.‘eesentially;to

it LY - il Ll b

'CL

in transitic

cated that this spread :
 éhaﬁgeé in geeﬁecry of the test bar, -If this were correct, the poimt on the
energy abscrption curve which‘COuiﬁ'boSSibly best reveal the’ changes taking
place in the metal to give a brittle failure is that lowest temperature at
which maximum energy absorption is obtained. This point should correlate

directly with the corresponding point obtained in the large plate tests.

Data for the project steels taken in thlS way are presented in Table L, These

ja ¥
o
o}

ing employed above is wrong or an additional variable, which has not been
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anticipated is operative.
A factor which ‘has not. been con31dered above as determlnlng, in

any way, the tran51tlon~temperature or the varlous steels is the rate ‘at

which the test is conducted for the rates of stralnlng. The large plate o

tests are statlc tests which are conducted at rates of stralnlng even less © i

than those ‘that might be encountered, under serv1ce condltlons in vessels.
On the other hand the impact test is conducted at rates of stralnlng an -
order of magnitude greater. Possibly the_differences in the rates of strain-
ing can acccunt for the-non-agreement of the two teetc?

| The data’ presented ‘in.Fig, L-a serve to enhanre this nOElOﬂ.. These
data are taken from Davidenkov and. wittmannoé__

.kThe cmange from & dynamic bend test to arstatlc bend test uslng
1n‘both 1nstances the same ‘test bar has altered the temoerature at p01nt A,
Fig. Lra, by more than 60°F - for a steel which is roughly comparable to

the Shlp plate‘belng investigated :under these related proJects " This re~

duction 1n the lowebt temperature . at which. max1mum energy absorptlon is

obtalned is of the right-érder.of magnltude to brlng thls p01nt 1nto direct -

correspondence in the ‘small scale test and 1n the large plate test Thls
change in the energy ‘absorption curve a5 a functlon of the rate of stralnlng

is now belng 1nvest1gated for the project steels,

A

6 See Bibliography
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One of the snecifled objectives of Research Prdject SR-96 -
was tbe metallograph1c examlnatlon of ‘the progect steels., Vhile it
Was doubtful that such en examlnatlon could ‘furnish *the key to a’
.laboratory test whereby the steels could be eValuated 1t was félt
ithat it should be conducted nonetheless.‘i _

Specimens were sélected from the impact test bars and were
:subjected.to a routine examination. A1l specimens were sectioned ¢
narallel'and perpendicular to the rolling direction, After polishing,
.the surface was examlned in order to reveal eny peculiarltles ag=
soa1ated wmth the.structure of 1nclus1ons. FOllOWlng this examination

_the spe01men WE.S etched wrth plcral ‘and nltal for photographlng at
| ;600 dlameters. Subsequent y it was re—etched'w1th nital ‘and photo-
_ grsphed at 50- and 100~ dlameters.rﬁ |

Due to the hlgrly subgectlve ‘chardcter of the analysis of

tlon of the structures obtalned In'preference“te*such“s‘desCTipﬁ“

I-\‘

tlon, the photomlcrograprs are presented whilé salient featuresof.
the varlous structures are p01nted out RO R VTt
An effort has been made to correlate a so-called ferrite

graln size w1th tran31t10n tcmperature for thése stesls, There is

scarcely '.y atlsfactory urocedure wbereby this comparison can be

oex ,, RTURS P F.. P P =
first of nere ILCH piays 8

made fe

(‘l

,ii, t is pearlite,

- m.j

AR

portant role in determlnlng ten511e propertres, present in the struc-

ture, and socondly, tre amount of pearllte in the structures of the
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various steels is not constant. To 2 first approximation the action
of pearlite in alterlng the tensile prOpertles of the various steels

has been eliminated as a variable by statlng the ntmber of ferrite

‘graing’ per square inch of ferrlte. Thls 13 effectiVe in giving a

correct statement of the ferrite graln 51ze._ The number‘ofwferrlte
graing per square 1nch has been plotted agalnst the transition tem=~
pérature taken at 50p maximum energy absorptlon. This .manner of plot-
ting is not equivalent to the plottlng of an A S T. M grain size num=

[=%

ber againat the transition temperature and has been used as it is slight-

.....

T

_grain size,

Experimental Resultss The photomlcrogranhs of the steels are presented

coin Pigsd M-l to'ﬁilé The steels are presented in the .order of de-

creasxng transition temnerature. The plot of tran51tion ‘temperature:

from brittle to ductlre fallure versus graln 51ze 1s contalned in Fig. M-13.

The photomlcrogrephs of bteel E presented in Fig. M~1 and M-la

A

reeal the structures found in the core and:rru of this rimming steel,

cn'

L ‘.r
The dééarburized Tlm i dent in th

-

50- anhd 100~ dismeters¢ thtle of thl‘ rim\uas left on the specimens
after the machlnlng operatlon as is ev1dent from an examlnatlon of the
transverse sections. The typical structure of thls steel is best revealed
in the photomlcrograuhs of Flg. M-la.

Thzs structure ig characterlzed by a 1ack of bandmng, a larger
proportion of pearllte than mlght be eVpected and an extremely coarse
structure over all. A faintly develoPed Wldmenstetten_structure is dis~
cernible and iea&s $0 the iupression ttat ther?inishing temperature for

this steel may have been too high;' The ratio of pearlite to ferrite for
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~the project stesls is greatestifor this steel, while the ferrite grain size

' 1g greatest for this ‘steel,

©oornso In Figs Me-2 ‘are presented the photomierographs of steel C.' The he-
havior of thig steel in the large plate tests places it with steel E-as having
the maximum transition temperature of the project steeis;i This behavior finds
& parallel in the respective microstructures. Steel € is very similar, micro-
atructuraily, to steel E. As for steel E, there is little tendeney toward
- banding, the ratlio of pearlite to ferrite is relatively ‘high, and the ferrite
.'grain size is relatively lasrge. Again there is alfaint tendency for the steel
to form a Widmanstitten structure which again may be interpreted ss resulting
from too high a finisghing temperature in rolling,

For steel A, Fig. M-3, there is a tendency toward banding, -although

‘this is not wronounced., At first sight the ratio of pearlite to ferrite ap-
"~ pears to .be lesgs than wds true: for steels E end C; however, measurements do
not bear this observation cut... The relativé amounts of pearlite for the three
" .steels are :about the seme (see Teble M).  The ferrite grain size is not ap-
‘preciably smaller than that for steels Ewend C, - - 000 bl oo
It would appear that the essertial differénce between the micro-

Uetruchure  for steel A znd that for gteels E-and § 1ies 'in the absence of the

n

T dmenstatten. strmicture in steel AL
G LOmangtachen. gtrmicturg in gteel |

- In Tigs: U~4 =snd -5 are presented the microstructures for steels

' Br and Bn. These structures diffdr Iittle from one ancther so may be disg-

- cugsed together,

 The structures are banded and definitely finer than any discussed
> gbove, ‘The ‘percentage pearlite in the structure is decrezsed as would be ex-
= peeted from the redusction in carbon ‘content. Fowever, despite this reduction

- in percentage: of peariite the rollirg prodess has been such that the pearlite
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zones are neafly continuous. w&huszﬁEéTstructure.approximates & condition of
alternate ferrite and pearlite regions. This condition obtains throughout the

ﬁlane of the platé'as is evident from a consideration of the transverse sec=

tions. The ferrite'gfafﬁ size is somewhat smeller than that found in the pre-

viously discussed steels.

The microstriuctures of steels Dr and Dn, Figs. M-6 and ¥=7 may also

be considered together. Again the steel is banded, however, in thig case in

the iongitﬁdiﬁal direction only; Banding in the transverse direction does
exist but is not so pronounced as in the longitudinal direction. Thus the

pearlite zones are more nearly lath shaped than: planor as was true for steels

Br and Bn, Further the uearllte zones are distributed more uniformly through-

‘out the structure than was true for steels Br and Bn. The. ratio of pearlite

to ferrite has increased due to the increasé in.the .percentage of carbon in

the steel. ‘fhe'ferrite grain'size for the as-rolled steel is about the same
as that for steel Bn; that for steel Dn ig somewhat reduced.

In Fig. M-S are presented photomicrographs of steel Q. This steel

is structurally entirely different from the remaining project steels. For

this reason it would be unwise to‘attempt a discussion of this structure in

férms analogous to those used for the other steels. It is probably sufficient
to state that this structure is tempered bainite. This bainite is high tem-
peréture bainite,'é structure which was not desired, and a structure which
normally does not ﬁ;ve esnecially desirable properties. A structure of this
type has been referred to in some instancesg és a "Slack-quenched" structure.
Steels F, -G and =H are all high manganese low carbon steels which
have been fully ¥illed. The respective microstructures of these steels ere

presented in Figs. -9, M-10 and M-11. The structures of steels F and H are

identical and differ from that of-steel G. This situation might have been
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anticipated from a consideration of the impact properties for these steels.
Steel G has the least desiraﬁiéiéffﬁc£ﬁrel6f'fﬁéuéﬁree steels as it is char-
acterized by regions of high pearlite concentration.

© Theré isfiiftlé'feﬂdeﬁcy tomard ban&ing:in*étééié F and H. This
ecfoct ‘i most noticeable in steel G. The total smount of pearlite is the
samé in each of the three structures. | | o

“The ferrite grain size is labger than that found in all steels but
steels C and E. ' o |

In Fie,12 are presented the photomicrograshs of steel N, As'pre-
vicusly indicated the outstanding characteristic of this structure is the
highly'féfined férrifé-graih gize. There is a tendency towsrd banding while

the péaflite structure is.poorly formed.
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B ISR

P b e .

-7 +z .« DISCUSSION AND CONCLUSION .. .

"~ The examination of the inclusions revealed them to be the

‘expected sulphides and oxides. Since the distribution of these non-

metallics cannot be ascertained from a photemicrograph, .no phetomicro-

graphs of inclusions are presented. :Fowever an attempt has been made

to contain in the field at 600 dlameters a large inclusion.. It is

- pointed out that this may not be a typical inglusion in all instances.

The study of microstructures hasgallowed_go_sqt@sfactqry
correlation of this factor with the energy sbsorption characteristics
of the steels. Thus the alteration of  ferrite grainrsiga_in & given
steel produces a considerabie change in transition temperature for

Triood 4l
Dlw L

that steel, as measured by the standard lmpact test.
of a change in ferrite grain size from steel to steel mey be com-
pletely concealed in so far as the energy absorption characteristics
are concerned, The data, here as elsevhere, indicate indirectly that
one of the moest important factors in the determinination of the energy

absorption charactzristics of the steel is the deoxidation practice

employed in the meiting process.
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TABLE 1

STERLS INVESTIGATED ON PROJECTS 5Ae92, -93 AND -96

Designation Description ~ Use
A . Carnegie-Illinois "Chattancoga' Normal . NRC-75 &
' SR-92

Carbon an& Manganese, Semi-killed
Br Bn - Bethlehem, Low Carbon and High Manganese %_ SR-92
bémi—kille&; Br = as folled; Bn = normalized
C - Carnegie-Illincis, Normal Carbon and . .1 SR-92
Méhgaﬁese Semi—-kiiled= ' | ~

Dr Dn Lukens Fully-killed Steel; Dr = as rolled; . SR-93

E Lukens Itimmed Steel ‘ SR-QB and
‘ -+ David Taylor
Model Basin

jF Bethlehem Low Carbon and High Sﬂréj;
Manganese, Fully-killed . ;;

G Béﬁhlehem Low Carbon and High SR—?B
Manganese, Fully-killed

T kI IR i |

L [P A T T 129 a3 L _-" TS M e dr:
eunienem rully=-Kllled STeeL 4D L 4alld .00

P T

£ 'nla)
hin, OR-9Z

e

N . Lukens 3j Nickel, .15% G Stesl 60,000.Psi = « 'SR-92
Yield Point, as rolled |

Q ~ Republic .23% C and 1.05% kin Steel Water L 92
Quenched and Drawn to 70,000 Psi Tensile

sirength



CHEMICAL ANALYSES

TABLE. 2

v e

I

OF . THE STEELS*

Code C & mgE P% 5% S5ig AL %
A 26 .50 012 .039 .03 012
Br Jg .73 .008  .030 - .07 015
Bn 18 .73 L011 ;030 0L 013
C 2L 48,012 L0260 05 .016
Dr 22 .55 013 .02k L2l 020 -
Dn A9 .5k G011 .dea .19 019
E 20 .3 013 020 01 009
F 8 .82 012 031 I3 054
G 20 W867 L020° L020 - .19 <OL5
H .18 °76".' .612'5 noi9 »16 053
N a7 53 L0 W00 W35 .07
Q 22 13 L0110 ..030 .05 .008

V%

Ni %

£ .02; Ag® £ .0l in each steel.

*Supplied by the Bethlehem Steel Corporation

ou B

Clr A Mo %
.03 .03 006
07 .03 006
<08 .03 -006
03 03 L005
.22 12 .022
,22 A2 <021
18 09 .0le
.05 .03 008
.15 0 o1
'cqg; boﬁ_ .00
'j.191 .06 025
.13 .03 .006

19



TABLE 3
GAS ANALYSES BY BATTELLE MEMCDTAL INSTITULs

" COMPOSITION IN WEIGHT PERCENTAGE

- Oxygen " Hitrogen

Vacuum Vacuum Nitrogen

SIEEL - Fusion Fusion Kjeldahl
mrﬁﬁﬂ_:.:: “ j'o.012 . Q.002 0,005
Dn.. -.0.002 0,003 0.005
Dr .. * . 0,002 0,004 0.005
A .20.012 0.004 0.004
C . . 0,011 ©.007 0,010
Sr _ - 0,010 0,003 -0.004

Bn. 0,009 0,004 - 0,005
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THE TEMPERATURE OF TRANSITION IN DEGREES FAHRENHEIT AT 25% AND
AT 50 OP MAXIMUV FNERGY ABSORPTICY FOR THE STANDARD LE CHARFY
o Li - V-NDTGH SPEFIMEN

St 721 Wide Plate

§§é§ih”” ) gﬁzl . h‘ 50% Results (Ref,)*
PO “ 5k 90 35 (7)
Br -20 " 10 30 {7)
Bn o " 30 45 (7)
¢ 65 100 95 (7)
Dr o Cs 30 (8)
Dn (1) us g 30 (8)
E (2) 100 150 92 (8)
P 10 -40 .
G 20 40 -
H ~10 0 -
N =130 =50 -40 (7)
Q ~30 =5 -

(1) Max, E.A. = 100'# (Assumed)
(Energy Absorntlon)

(2) » E,A., ¥ 80'# (Assumed)
(Energy Absorption)

s
See Bibliography
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TABLE ©

‘THE TEFPERATURE OF TRANSITION IN DEGREES FAHRENWEIT AT 25%
' AND AT 50% OF MAXIMUL ENERGY ABSORPTION FOR THE STANDARD

LH GHAHPY KFYHO*E NOTCH. SPECIMEN

72" Wide Plate

Steel - . 25% | 50 Regults (Ref.)™
:;A;T,:?Tzi_;,u 20 . - 55 (7);. e
Br =40 30 30 (7)
Bn f 4o ~20 45 (7)
¢ o 15 95 (7)
br -80 -60 30 (8)
Dn 0 ~60 30 (8)
E 5 30 92 (8)
P -85 65 -
G s - :
Ko -80 -50 -
L s 20 40 (7)

See Bibliography
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TABLE D

THE TEMPERATURE OF TRANSITION IN DEGREES FAUR!NHEIT AT 25% AND
AT '50% OF MAXIMOM ENERGY ABSORPTION FOR THE LH RECTANGULAR NOTCE,
FULL PLATE THICKNESS SPECIMENS

724 Wide Plate

Steel ;. »: 25% 50% .. _Results (Ref )*

A Dy 40 60 35 (7)
Br -5 10__‘, 30 (7)
Bn 15 35 45 (7N
c 35 50 95 {7)
Dr ~45 +20 30 (8)
Dn =40 =30 30 (8)
E 45 ’75 92 (8)
F %50 =30 -

G . ~15 10 -

H ~30... 0. -

N ~140 . ~100 “40 (7)
Q ~30 15 | -

#*

See Bihlicgravhy
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THE TEMPERATURE COF TRANSITION IN LDEGREES FAHRENHEIT AT 25%
AND AT 50% OF MAXTMUM ENERGY ABSORPTION FOR THE STANDARD
LHCHARPY KEYHOLE. NCTCH SPnCIMuN SPECIhENb TAKhN FROM
z;leCH WIDE TEST PLATES ‘

72" Jide Plate . 72" iide .Plate ..
steel Tested at °F, 25% 504 Results (Ltef j *
A- L s0us 10 35 35.(D) |
A s 40 L5 35 (7)

Br - 30-35 - -20 -5 30 (7)

Br 72 © 15 35 30 (7)

Bn - 29.32 -45 25 45 (7)

Bn 72 5 20 45 (7)

C © 0 30-33 -15 0 95 (7)

¢ 7578 50 70 95 (7)

or - 0 -85 -60 30 (8)

o 15 55 50 30 (8)

De i 31 20 ~15- 30 (8)

on 7 as .85 ~70 30 (8)

on 0 -85 =70 ' 30 (8)

bn ¢ 15 65 ~60 30 (8)

Dn 32 .20 15 30 (8)

B 38 0 357 92 (8)

E . 65 95 92 (8)

E 110 80 95 92 (8)

#*
See Bibliography



TARLE F..

THE TEMPERATURE OF TRANSITION IN' DEGREES FAHRENHEIT AT 25% AND
AT 50 MAYINUM ENERGY ABSORPTION FOR THE STANDARD LH CHARPY-
: . KEYHOLE-NOTCH. SPECTIMEN L

A PRESTRAlN = 2% N ELONGATION R
Lo 72M.Wide Plate:

Sumi o gﬂs . ﬂﬁ‘“.”“wB%mMsﬂﬁﬁdw

A ‘,  | 20 40 . 35 (7) |
Br - . =20 =5 : | 30 (7)
Bn | | ~20 0 | 45 (7)
c R e 55 95N
Dr L ~60 =30 30 (8)
oo TS =55 - 30(8)
E ;'. 50 ‘J 70 . 92 (8)
H e ) ;J =55 -

B PRESTRAIN 5% I ELONGATION , ,
' ©R" Wide Plate

Steel . 25% 508 Besults (Ref,)

A - 35.. 45 . 35.(7)
Br G +5. . 1o 30 (7)
Bn L -10 0 45 (D)
C Lo 55 . 65 | 95 (7)
Dr . =35 | 0 . 30 (8)
Dn L kS . RS - 30 (8)
E L 48 .60 92 (8)
H -55 ~35 -

See Bibliography



TABLE F (CONT'D)

C PRESTRAIN.=.10% IN ELONGATION . . s
72" Wide Plate

Steel 25 . 5% Besults (Ref.) — I.*
A | 40;: 'éo .35 §7)l  - 66
B 0 20 0 (1 s
Bn 15 30 45 (7) ‘ '; 50
¢ 70 95 95 (7) 80
Dr -5 20 0(8) &0
Dn -3@7 : 0 30 (85 | 60
ﬁ‘ 60 85 92 (8) | 55
B -0 20 - =

* The increase in fhé'tranSition'tempefatﬁfe“resulting“frOm 10%

Strain in Tension at 50% Max. E. A. (energyfaﬁsdrption)
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"TABLE K.
THE TEMPERATURE OF TRANSITION IN DEGREES FAI-IRE“JHJ:,IT 25%
AND AT 50% OF MAXINUM ENERGY ABSORPTION FOR PLATES O b‘EEL )
C_OF VARIOUS THICKNESSES :
A - 5TAI\,A.DLH CHARPY KEYHOLE-NOTCH SPECTMEN
Plate Gage | 252 508
/20 L5 -25
5/8" -10 -5
3/4" 0 15
I (pim) 10 30
1" (core) 5. 25
1-1/8% (rim) 10 30
1-1/8" (core) N 25 45
B, - STANDARD LH.CHARPY: V-NOTCH SPECIMEN.
1/2n 30 70
5/8" 55 95
3/ 4 70 160
1 (rim) 80 105
1" (core) 70 100
1-1/8" (rim) 70 110
1-1/8" (core) 70 105
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" UTABLE L

ik

THZ LOWEST TZMPERATURE FOR M.XIMUM ZNERGY ABSORPTION FOR
THE. IMPACT TEST SPECIMENS FOR THE PROJECT STESLE. - .

V-Notch

. Zest Data ="

95

165
w0

iso

. >200
- 3ow'
90 -

50

25

Keyhole-Notch
Test Data . ...

95

35

. 90

100

165
1o

45

R

25

Full Width

. Specimen Data

0.
75
105
160

85
s
155
85
o
55
15
e
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TABLE M _- RESULTS OF WMEASUREMENTS ON MICROSTRUGTURES

;Bn

- Dn

T L T LT o E2E
Steel Section G/in, dFerrite - - % Pearlite . % Fe
R S 8. . T .163
T 3R 90.3 - 9.7 .107
L _40 90,8 . 942 <101
T 60 87.3 12,7 145
L 82 85.9 . 141 164
T 34 85@5 14-:5 alr?o
L 40 83,8 16,2 195
Dr T €0 85 15 177
L 75 83,1 16.9 202
T 87 86.1 13,9 162
L 117 £9,8 15,2 AT
E T 30 79.1 20,9 " .26,
L 31 83.6 16.4 2197
F T 30.5 87.7 - 12,3 s141
L 29 28,1 11,9 . 136
G T 24, 82,0 18,0 .219
L 30 85.3 147 172
H T 26 21,8 18,2 222
L 27 84,1 15.9 . 189
N T 202 90.4 9.6 o106
L 185 92.9 7.1 .0765
Q - - - -

g




.. APPENDIX A

- MILL DATA

L6

02 8i, .01l P.

‘s Heat.Nu@ber%2ii22‘h.
Yield Ppintij?,?oolpsi
Ulpimate‘§preqéthjsé;9ob psi
-Elongation‘iﬁléﬁinches 33.5%
Finishing‘$eﬁperature 1600 F.
1-1/3 1b. of silicon per ton in the ladle and
1/3 1b, éf'aluminum.in the mold
- Chemical Analyéisl .
L3, . ‘a§7 Mn, N o2 s,
B steel - o

Heat No. 60-I-796

fadle  © 15 . .77 .010 .029

Check 98062,16 - .74 = JOLL 030
‘Total Charge L
Percentﬂﬁot;Metal_

.+ percent Serap |
Percent Ore. .
"Percent.limestqngj.
Furnace Addition: Fe .n
Ladle addition: Fe in
Fe Si

Al 51

si.

05

.03

380,840

49.0
45.0
L.7
6.4
3,000 lbs, 8 minutes
1,500 lbs,.
200 lbs.

450 1bs,



&7

B. Steel (Cont'd) Mold Addition: Small asmount of Al to eap.
The normalizing temperature of “the rlates which were
furnished in the normalized condition were 1650° F,
The physical tests on the plates on which the

check analysis wes madé dre as follows:

Serial Gauge Yield Point Ultimate Elong, 8" Treatment

98062  3/4" . 35800 - 59600 °  26.0 As Rolled
98062  3/4" 3480077 589000 1 32,0 Normalized

C Steel
Heat No. 572367

Deoxidation Practice

Bath Addition: .6-1/2 bs per ton of 80% Ferromanganese
- 'Ladle Addition: 6°1b. per ton of 80% Ferfo-ﬂaﬁganese
2.6 1b. per ton of 50% Ferro-silicon:‘”
Mold Addition: 1/3 Ib. per ton of Aluminum

Ladle Analysis

2449 015 033 .03
Mold Siée“‘731 in. xh66 in.
§;§pﬂ§ig§ 43/ in, to 6-1/4 in. x 62 in, x 5951 1b, to 11851 1b.
g;ate‘é;gq 1/2 in. t§ 1—l/§“in.‘
No fiqisﬁing temperature feqordgdﬁ_

The following are the mill test results on the as-rolled plate:
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¢ Steel (Cont'd)

Gage Y.P. o T.5, - - - ulong.
(psi) (psi) _

1/2 in.c - pL,R00 0 68,400 26.5

5/8-in, 40,410 "68,906' | . 25.00

3/} in. 39,780 67,760 25.5
38,930 67,340 - 255
38,200 - 67,240 7 25.0

1 in. LO,780 69,900 . 2475

1-1/8 in. 38,720 68,720 2.0

D Steel
Heat No., 20340
Silicon Killed Steel

Chemical Composition (Ladle Analysis)

. Mn P s si Cu

C
i Z & . & - & 2

218 : o55 nOlS q028 623 62‘0

Dimensions & leipght of the Ingots

size Wt with Hot Top  Wb. under Hot Top

42 x 164 9,300 77,7004
. Jeoxidation -Practice = (Fﬁ}nébé) Details of Melting Practice
- SPLeZELl siereronennn. N L S

;”;]i,Ferrd MangaﬁéséJSO%;f;......,.. 11365#.'

Ferro Silicon 15% v.vovesecasss 2,6254
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D Steel (Cont'd)

Deoxidation Practice (uadle)
ﬁé';i«'c;;”snicon 50% vevrenerornansnracns ceeens 1,3654#
ALUMANUM = ShOL 4o vauneranunenernnnenens oo 1004
ALUBLAUM = BAT see'sarannsrancnnsoennes ceeer 100
Tensile RrOperties”(Ks‘Roiiéd)'”-AU"hl
Yield Point Tenéiié Strength Elongation Reduction
1b. per S5q. Ib. per 54. in 8 inch in Area.
inch inch percent Percent
LOS00 67200 27.0 50.1
Tensilé,Prpperties {.ormalized)
Yield Point Tensile Strength Elongétion Reduction
Lb, per Sq. Lb, per &5q. in 8 inch. . in Area,
inch L . -ipch o percent Percent
45300 69300 32.0 573
E Steel
Heat Ho. 20279
: Rimming'Stééi
Chemical Composition (.adle Analysis);
c un P S 81 Ca
i 2z Z z 3
.23 39 019 - w03z L0089
Dimensions & Weight of the -Ihgot'.‘s':'."l" o
Size S Wy. with Hot Top  Wt. under Hot Top

Rx 164 . llogzob#

Furnace Additions: - °  Details of Melting Practice

Ferro Manganese 80% ... ....

.';.'....840# |



50
E Steel (Cont'd)

Ladle Additions:

Alufninufn - Bar ...-...----o..-.....zo#
Ferro Silicon 50%sessecnesssssess 304

Tensile Properties

Yield -Point - Tensile Strength Elongation - Reduction
Lb. per S5q. Lb. per Sq. in 8 inch in Area.
inch ' inch percent percent
38000 62500 28,0 52.3

i Steel
Heat No, 75HOLY

Chemical Composition

Mo P S si AL
17 .82 .022 024 .15 056

Fully AL £illed

Tensile Properties (45 Rolled)

Vield Point  Tensile Strength  flongation in  Reduction of
Loe 0 psd ;o Cpsi o oo aneg Area %
42,800 c 63,800 24 . 46,8

Impact Resistance (As Rolled)

Charpy Keyhole Notch specimens perpendicular to the

rolled surface.
Energy Absorbed, Ft. Lbs, at

76%F. O°F. -50°F. -80°%F  -98°F

>5 38.8 25.5 10.4 545
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N Steel
Heat No. 20572 -

.- -Chemical Composition

.

Ni i R Mn . P
& 2 & % &

3.34 0422 0,33 . 049 0.018  0.027

A

¥

.. Yield Peint-49;800 psi
Ultimate Strength 79,400-77,200 psi

Elongation 25.5%

Q Steel
Heat Ne. 1-15749

Chemical Compesition

Re

¢ wmg @ PE s
21 Saest v Lol .030

Heat Treatment N R I A NS SRR

Queénch ir water from-lééB'faHr;‘(drastid quéﬂdh)“”

" Draw two (2) hours at 1300 Fahr,



ENERGY ABSORPTION

FIG.A - IDEALIZED ENERGY ABSORPTION -
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ENERGY ABSORPTION — FT, LBS,

ENERGY ABSORTION ~ FT. LBS.
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ENERGY ABSORFTION — FT. LBS.

ENERGY ABSORPTION — FT. LBS.
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ENERGY ABSORPTION FT-LBS.

ENERGY ABSORPTION FT-LBS,
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