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ABSTRACT

The offects of susteritizing, temperiing temperaiures and tompeting times
on fully quenched low- aad Righ-chemistry Y -50 steels have been investigatod,
Caurrelation procedurce have heen establizlied for relating notch-brittlencss prop-
erties to tensile strength for a given Charpy V-notch fibrous fracture appearance.
The results indicate that Ckerpy V-notch uransition temperatures increase with
increasing susteritizing sod devressing tampering lemperalures. For Tully
quenchod HY-80 steels, the optimym Charpy V-notch impact fibrous transition
temperatures are attained for the IO0,000-pmi-yield—sl.rength level.

INTRCOUCTION

AL the end of World War Il the flyreay of Shiips recognized the need for the dovelopment
of & mgh-yield-strength steel to inevensn the comunat effectiveness of submasines. To fulfill
this need aa investigation was isitisted with the §nited States Stael Compesy and the Inter-
national Nickel Company to develey s nunballistic, weldable, structural steel with a minimum
yield strength of 80,000 =i in the wat:r-guenched and tempered condition Although this
material, commonly known as §{Y-67%, bas been im wse since 1951, little is known of its met-
allurgical propetties. Thorefcre, 8 wogram?s 2 was established to perform metallurgical
studies on isothermal transfonnetios products, varcations in chomistry, and impurities to de-
termine their relation to the propertien and weldalidlity of high-strength steels. This program
is concentrated on HY-80 steel, Wilitary Specificacion MIL-516216.3 HY-80 steel is one of
the family of nickel-chromium-molytdenum stecls wsed in construction requiring high strength
and notch toughness. The data clasinesd {rom thur investigation can be used to prognosticate
the effects of the variables studisd og the mechamrical properties of this family of steels.

The essential phases in thix program are cutlined in Figure 1. At the present time
most of the experimental wark for Phasn §, \etallurzicsi lteactions, kas been completed. It
is apparent that & single report 0s the duta compiled nod the intorpretation thereof would be
prakibitively voluminous. Hence, Phane [ will he ~ubdivided into seversl reports. The dr-
tailad steps in Phase | aie depicted in Figure 2

This report, the first of the projioned seriess on Phase I, describes the effects of
austenitizing and tempering on the mechanical properties of fully quenched 1Y -80 steels.

The steps repetted heroia are those included within the broken ltine in Figure 2.

MATERIALS

The meiallurgical principlee governing the Serelypment of the weldable 80,000-psi-
yield-strength structural steely woze the vame as tuese set forth by the Ad Hoc Commiltee

‘Refrrvno!n are ljsted on page 56,
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on Naval Armor,® One of thiv:main requisites for development of the steel was that the steel
selected must harlen to a mimimum of A0-percent martensite at the center of the plate after
being quenched ia still wanerr. The committee based the 80-percent minimam requirement on
available tost data tuken from urmor plates, that is, the committee fel that the mechanical
properties of 4 quenched amiistempered steel would be detrimentally affected by increasing
amounts of tempered non~: wumsitic products,

Both a low ¢ iemisure and a high-chemistry T1Y-80 steel were used in the study reported
here, The lm\'-cb--r';i-«su.\-, 1. 24n. plate was obtained from standard Navy stock. Unfortunately,
the manufacturer's heyt an? cilate numbers were partially obliterated in trazsportation. The
identifying nuiniers which avre visible indicated that the plate was manufactured by the
U8, Stee] Corporatinn, Hemestond Plant, At the start of this investigation, 1,"2-in., high-
chemistey, 11Y.80 plate wes mot a standard production item; however, U.S. Seel, Honostend
Plant, conteibuted a 1, 2-ia. thy 3-ft by 3-ft picee of high-chemistry, production-run plate left
over from one of theje expeerimuntal studies, These two plates were used ciroughout this
investigation,

Mthou;sh (he high-ctermistry plate was not a standard item, it was made Jrom a stand-
ard open-honeth it and eagiaet! Lo thickness using the same production procvdures normally
used in manufacturing 1, 2-im inlute, A thicker production plate would have added a chemical
heteropencity vinable, Hemwe it is concluded that the test results obtaine? are indicative of

the performance of hjgh.chewnstey commercially produced T1Y-80 plates,
CHEMISTR

Tho ehimi-tepes of che Y -80 steels used in this investigation are compaced in
Table 1 with the specificasiom aequirements for 11Y-80,
The percontages of caennical impuritics present in the test plates are believed such

that their effocts on faxic o wenergy and transition temperatures and, theeefore, on notch

brittleness, would he Aeglosongde, Schwartzbart® demonstrated that the Churpy V-noten tran-

sihon temporature for speel- ccantaining 0.014 to 0,023 percent phosphorous s minimized if

the Mo, I entin ix 5 or preates. xtrapoelating I|mlgo's6 work far steels containing sulphur in S

the range of 0,001 4y (101~ sreent showerd that there was only a drop in maximuym encryy of 2

to 0 ft-1h wnd (ha =ulphur camient daes not affect transition tempotatures. Gregy,” in reporting
the work of others, showwd ot the impact properties of alloy steels contaimang nickel and

chromium aee not nidversely affTocted by copper content helow 0.25 percent. In general, the
7,8, 9

literatyre

indicatos thait u sl percentage of copper is bencficial.




TABLE 1

Comparison nf Chemistries of Steels Used in This lovestigation With Chemice! Reqpitrements
of 11Y-80 Specification (MIL-S-16276D)

Chemistry, Percent

Steei HY-80 c T ¥ P s Si Ni Cr . Yw | Cu
E xperimenial :
Low Chemistry | 0.14 026 |o0.010 |0.018 | 0.8 213 0.27* © anr |0.03
High Chemistry | 0.15 02¢ ool [0014 | o.4e | 289 1.44 aus | 0.03
Specification :
Requitement 1
Piat o 1
56,1 pot 0.22*¢ | 0.10-0.40 ! 0035 | 0.0 | 015038 | 200-275 0.90-i.45 123035 | -
late abo ' L DU -
prateavove [T a0 ] 0035w | 0000 | 015035 | 250-3.08 | 135185 Lo0-qii0| -
51.0 pst L _
*In check analysis varistion of the specified linite is permitted by the following wnovmtsc
Si Xo.03
Cr 0,06
Mo 0,03

¢ Maximum gorcentage permitieds

HARDENABILITY

The ideal critical diameter ) (,® of hardenability of these plutes was caleulinted by
the Grossman and Fields method. Y0 The equitions developed by the Ad Hoc Committtae on
Naval Armor® were used for converting the 1, valucs to equivalent thickpe--es l,’.“w-uf
plates quenched ia <G water. Their hardenability conversion curves are fejeessendliin
Figure 3 which converts o values to 50-, 80-, and 9%-percent martensite at centerr ithick-
ness for plates quenched in =il water,

The Dyand L values for 50-, 80-, and Mi-percent masensit wre Jiste-? ia Tathile 2
where the handenability characteristics for Grain Size 8 of the steel chemistrie- < <edlan this
investigation are compared wath hardenability of the minimum and ainxinun; «iezi-tnos of the
HY-80 steel specifiention,

The thulated Py and L values in Tuble 2 indicate that there gre dictiact ditflerences

in hardenabilitio = between the low- and higgh-chemistry HHY-80 <teels usad in thi- gavesdigation.

. .
Crogsroan’s tactors for obtainin, 4 () bianed v A S0qacement martensitic RIPuctyte at tre renter-nl @

sound bar wftet an sdeal quench,
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TABLE 2

Comparison of Calculated Hardenabilities of the Steels Used in This Inventigation
with the Hardenabilities of Minimom and Maximum Chemistries of
HY-S0 Specification (MIL-S-16218D)

B
Cutical Diameters,* in, * Plate Thickness (Still Water Quench), in,
Steet D150 | D150 | Pieos t Lyueso Lyuso | Lsunos
£ xperimental
Low Chemistry 2251 1667 1,03 0.96 0.39 0.7%
High Chemistry [ 5.52 1 4.34) 3.03 3.5 2.15 2.16
Specification
Plate up to
56.1 psf
Low Range 1421 098] 0.93 0.58 0.52 0.45
4 High Range 8.00} 638} 4.54 45 | 418 | 331
Plate above i
51.0 psf
Low Range 2.68) 2.02] 1.2 1.3 1.16 1.03
High Range 17.35 1 14.05 ] 10.24 11 9.50 12%
* Grain Size 8

Aecanse of the differences in hardenahilities, the test rosults obtained are consiturod jn-

alicative of the mechanical property behavior of both the low- and highechemistry HY-R0 steels,

CRITICAL POINTS

ldeal critical equilibrium points A” and ;la were caleulated using the mothod de-
weloped by Lanbert and Grange, 1!
Ay
wauilileium points and the dilatometric critical temperature measurements are compiled in

Dilatomeui¢ critical temperuture measuremonts A , and
c

were made at the Naval Weapons Plant, Wasiiington, D.C. The calculated ctitjenl

Table 3. The differences between the /1; and the A, values are those which would he
wapecied when ideal equilibtium points are compared with the actual critical runsformation

derperatures obtained during henting.

TEST SPECIMENS

To remove the effects of any previous heattreatment, the as-received stoek wns
aooes ahized at 1850°F o then tempered at 1200°F, Al hout-treatme nis were prrloemed in

meutral salt-bath furnaces with temperatures controlled w within £ 5°F,
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TABLE 3

Calculated and Measured Critical Temperatures of[.oar- sad High-Chemistry
HY-§0 Steels Used in This Inveatigetism

Catical Points, &g F
Calculald U3 syred

HY-80 114 A A,

el el

Low Chemisiry | 1313|1483 | 1385 11%%0
High Chemistry | 13211 1483 | 1320 | 1479

For cach heat-treating vartable to be studied, 8 ««t of agecivens, conprising two or
more teasile specimens : nd a minimum of nine impact #perismenr, wive heat-reusted at one
time, Specimens in each set were taken at random locstinns soran the plate. Thus, il any
unrelated localized imperfecticn in the plate were present, it #imld nt be evidemt in the final
test result,

Prior to final at<tenitizing heat-treatment, the teosile 4wl Charpy V-swteh smpact
specimens were rough-machined equally from the surfaces of the plate Lo withini 0.02 in. of
final Jimensions. MetaMopraphic analysis indicated that the grvjuenchod specinen contained
3- 1o H-percent retainedd austenite, After the specimen wax bl is & mixture off dry ice and
acetone at - 110°F foe U hr, the retnined austenite tannformed juu, martensite,. Gt ix, exam-
inntion at n mugnification of 1500 V indicated that the wanxlupiation of the viaible retained
austenite was complete. A1l spreimens were given 8 los-tengsgature quench immediately
after the brine quench w facilitate the transformation of retained sustenite w martensite,

Specimens which were austenitized above 1700%F were (ran«femed o a +alt bath »hose

temperature was 1550°F for the low-chemistey steel and 1625 for the higb-chemistey steel.

This procedure eliminated any questionable results which mipht bave arisen bacavse of dif-
feronces in thermal gradients between the austenilizing tempa-rature and the trvme quench and
dupliented possible hot #pots which may occur in any production type of a conrmuous hest-
troating 2zone furnace.

Fot all nustenitizing treatments, almost all the specimens wire held for 5.2 hr at
temperature prior 10 quenching, After quenching, the sperimenn were held at tan tempering
temperature for prescriieed times, and then water quenched,

\fier final heat-teentment, standard-threeded, 0.252in, -dincater, tons:le ~-cimens

and standard Chiarpy Venoteh specimens (notched perpendicnlar U, the colled < wrfice throupth

the thichness of the plate) were mnchined 1in accordance with Frderal wiandards 24013

In order to ohtazs the beat test tesult: from the studies of retg)lurpica! renctions, it

- wa= [olt that the test specisens had to be taken in such unentation with rese—et 1o plawe

; 2 gt X

- tolling na to minim.ze the effeers of puscible chemicn) bunding el the offect. 0 diccetonnl
nonme.nllic inclusions. These varinbies, af present, run parallel v, the din<t 4 of major L

8




plate roll in discrete inyvers. Thiedefects, if present in a transverse tensile specimen, would
act a3 puints of weakness I lomagitudinal, Charpy V-notch impact specimens, these defects
would be perpendiculur w tze dirrection of crack propagation and would, therefore, it is be-

lieved, act partially as crack arrresters.

:::' . To prevent any of texe exctrancous defects from masking the results of the variahles
. being studied, the tensile speciiziens were machired parallel to the direction of major plate
v roll, and the Champy V-notck impmct specimens from the transverse direction, so that if

:‘.'.' banding or nonmetallic inclzsioms: were present within the test specimen, they would be dis-

uibuted as dispersed panicles.. ince the low-Lhemistry HY-80 steel plate was plentiful,
several ransverse tensile kad linngitudinal impnct specimens were made (o investigate the
elfects of directionality os the hinat-treated specimens. Because of the scarcity of high-

chemistry 11Y-80 m2 cenal. oniy. wu!few longitudinal Charpy V-notch impact specimens were

- made (rom this plate for comparision. It is to be noted that the effects of chemical banding
: and the directiona! inclusions am:mechanical properties und notch brittleness will he studied
l in the second and third plases of{ this investigation,
- EXfPERIMENT AL PROCEDURES
!

- The experiments isclided!tensile and Charpy V-notch impact tests and extensive

metalloguphic analyses of ail rresultant microstructures,

RECHANICAL TESTS

Mechanical properts lomii-sitrain curves were recorded by an automatic Baldwin-Southwark
microformer load-strain pacominmatiached o a 20,000-1b hydraulic testing machine. A strain
megnification of 500 to 1 was ursed throughout this investigstion, In order to avoid any

eccentric losding, universal-jnimt threaded gripping devices were employed.
Charpy Vonoteh in.pact ypecimens were tested in a Tinius-Olsen, pendulum-Lype impact

testee with o capacity of 265 fiiib and & siriking velocity of 16.85 fps. Prior o testing, tho :
machine was calibeated in accamlunce with ASTM standards.'* Federal standand procedures'?s 13 ‘ -
were ysed for tesiting both the nansile and Charpy V-noteh impact specimens, ‘
Percent fibrous fracturess und [nternl expansions were caleulated from mensurements e
obtained from the broken icprett specimens, Porcent Charpy Venoteh fibrous fractures were
obtsined nt & magnificstion of 1H \ u=ing & micrometer eyepieco. These measurements wero

chocked a number of times, ami: the results nlways agreed within 2 or 3 percent. The most

difticult percent filier to determnne was the fibec of specinsas tempered from 409 w 600°F,
Far ench tempering temperaturms frncture nppearance was ostabliobod by obsenving the differ. -
eace between the appeamnce aff e e ypecimens and the appesrance of the =peecinens for L
which maxinum and mirun wmenaes wore secorded, Luteral exXpPAn=IGRS were aeeasured at

the paint of impacton the comprression side of the broken impact specinien,
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Sletsllogriphie encetiviins were mounied tn frRAsCAin cwovating ewsin.  ARec the speei~

foosid

(- - 2eRs 116 1otting, 1,71 i o apecimen saafoce was nachined off undes coolant. The sur-
facra were then prozres.iw iy pround by haad on 180, 240, {00-, and 6(0-grii silicon carbide

pupers. Final pulisbizng sues petformnd in two staces wtilizing ¢ 63-cycle sutometic vibrating

polishe . o 1k semifiraipotishing, ihe bawl movating piate wes covered with a bleschal silk

visth and a slurry of Lisuie \n, distifed water, 2nd sorosal. Gama} cloth covened with a slucry

AlAnh

ot [inds B, digtibed awer:, rind aerosol was used for Lhe: fing) pulishing cperation.

. . . . .. - . (4 .
L.r etaeieal picric azcid contanring Tephitan Chiovide’ 3 was used w revea! the prior

.
L
e
e
alan

sustenitic maiy boupdativas and tempax enbiittlement, Thice etchants were wzed to revesl

N

e rrcrasituctues of vie ws-quanched ana tomipersd specimens: a solution of saturates vierie

RO RS R Dy e T
S

17 Tor delireminy erais dm ndanice: a I-percent aital solution for eiching the forrito; srd o
Mepsreen. warer saluting ol anhydro s sodium metebisulfice for siaining the as-quenciies and
tampered murtensites. Betwveon nccls elehing the spacimens wers: washed and éried, DL

Msteaitis micmpsim size roeas urements wete taken in accordance with ANTM standarda, 6

3 TEST REMALTS

I Talias £ threvsi T the ieechanical properties of the various quenched und tempored
heat-treatinnnts izs eetsesem ure given, Flouces 5 through 28 depict the mechanical propertiey
an) nouteh brittleness*” dacts in various combinatione. It is realized that the detr could be
presenled in many orher cwsnthinatians, ¥t the plots given ure believed W be significant

The Charpy V-potcmurves, sech 85 energy alisosbed vessus testing temperatures, are
point-to-point plots of Gk uest resuits; however. for corrriation of duts least-cquare fits weeo

: made. The best least-sjuaere it was found by selecting the fit which pave the minim-m rosidual.

Yielding characterisstics, i.e., the sbape of the stress-strain curve, are seported as one

of the fuctors which sbows sensitivivy to beat-reaiing. This factor wae selected based upon
previous wark performed axiithe Model Basin which related the effects of yielding characleristics

to heat-reatment, 7. 18

Noteh lrittleness is- wsed throughout this report ta define the effeets of various metal-
lurzical factors on the enertyy absorption, fracture appearance, and lateral expansion churacter-
- istics for a griven test tempierature.  Arbitrary standards for noteh britticness of 100-, 60-, 50-,
N and S0-peteent Charpy V-nastch fibrous fracture characteristics have heen chosen, Charpy V-
L. noteh impact fibrous fractum trunsition temperatures are reported as the temperatere at which

4 piven fibrous appearsnce- = ascertained.

¢ Zephirtan Crlonde 1s the tegu1tered tende nane of & brand of benralkonium chloride manufactured by
Vinthrop-Steams, New Yorx I8, ew York.

e NAChbrittlensss 18 the sumiespiiinlity of @ metal to fracture at points of atreas concentsainn caused by o

notch when subjecied to suddeiiv.epplied joad,
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Laterul expansion is reported in the figures depicting Charpy V-notch properties.
These data are presented here but not discwssed.®

EFFECTS OF AUSTENITIZING TEMPERATURES

To investigate the cffects of austenitizing temperatures upon grain size and mechanjcal
and notch-irittleness properties of HY-80 sieels, specimens which had been tempered at 1150°F
after quenching from the austenitizing treatnent were studied. The 1150°F was chosen because
it is the minimum tempering temperature required by the military 11Y-80 specification.?

Grain Size
Table 4 lisis and Figures 4 and 5 depict the effects of austenitizing lemperatures on

the asustenitic grain size. Grain size in low-chemistry HY-50 stoels appears o increase proe
gressively with increasing austenitizing tewnperatures. lowever, for the high-chemistry WY .80
steel, the microstructure becomes abnormal when austenitized at 1850°F. At the 2000°F
austenitizing temperatuce, the grain size becomes somewhat uniform and equiaxed. flowever,
the large grains of the abnormal steucture (ASTN-3) are larger than the aversge austenitic
grains obtained for the higher austenitizise temperatures (ASTM-5).

Tensile Properties
The effects of tempering at 1150°F afier quenchiag from various austenitizing temper.
atures on the mechanical properties are also given in Table 4. The mechanical properties
appear not to be affected until the 1800 w 1850°F austenitizing temperatures gre reached; at
these and higher tamperatures, the mechasnical properties are slightly lower,

Notch Brittleness

The results of the effects of Lempering at 1150°F after quenching from the various sus.
tenitizing treatments on notch brittlenes= are presented in Table 4 and depicted jn Figures ¢
and 7. It is evident in Figure 6 that, foc longitudinal Charpy V-notch impact specimens of
fow-chemistry HY-80 steel, the data show a definite increase in teunsition temperatutes with
increasing austenitizing temperatures. Although there is a juxtaposition of the transvesse
Charpy V-notch curves for both the low- and high-chemistry HY-80 as shown jn Yigures 6 anig
7 for austenitizing temperatutes of 1700°F and helow and for 1800°F and above | there ix n
marhed separation between the results otasjned from the 1700 and 1800°) Hustenitizing

ugcatments; see Figure 7,

*The relatioaship of Champy Veaotch energy absorption, fibrous fracture appearance, and Jaterel espmnsjon te
the drop weight mil-ductility trsnsition temperatary (NDT) and heot-trestment will be discussed in » later-repan,

(Text continued nn paye 17,)
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EFFECTS OF VARIOUS TEMPERING TEMPERATIURES AFTER
QUENCHING FROM YARIOUS AUSTENITIZING TRREATMENTS

Varying tempering temperatores and austenitlizing treatments were investigated to
study their effects on mechanical properties such ax< tonsile strength, yielding characteristics,
and notch brittleness. Although the mechanical prosperties resulting from the tempering tem-
peratures investigated [all outside of specificatiom:rrequirements, the results will be used as
8 hasis for evaluating the other phases of this studiv lo be reported separately.

Tensile Properties

Alter the spocimens were quenched from tha:austenitic state, the tensile atrengths, as
expected, decreased with increasiog tompering termeratures. However, Figure 8 shows that,
for tempering temperatures below 1150°F, the mechianical tensile properties are higher for
those specimens austonitized is the 1550 and 162539F range than those austenitlized at 2000°F.
At the higher tempering temperatares, 1150 to 12501F, the tensile properties approach each
other.

The longitudinal and transverse tensile properties depicted in Figure 9 show that the
longitudinal tensile data are higter than the tansvrerso data for temporing temperatures bolow
900°F. Above 900°F the tensile duta merge togettier. Thero is no reversal due to direction-
ality in ductility, i.e., percent reduction in area ans! percent olongation, for any given tempering
temperature. All the longitudinal percont-reductiomiin-urea data are approximately 10 percent
higher than the transverse data. However, the peraiont elongation does not reflect any differ-
ence betweon tho longitudinal and transverse directlions.

From Tables 5 and 6 it ca2 be scen that hurulness, Rockwell C, is affected by austen-
itizing temperatures, that is, HY-50 steels temperail below 1000°F after quenching from high
austenilizing temperatures have & lower hardness mumber than those austenitized at lower

temperatures,

Yielding Characteristics

In general, the stress-strain curves for 11Y-+0 stool austonitized at 155C or 1625°F
have similar yielding characteristics, It is shown:iin Figure 10 that the yielding behaviors of
both low- and high-chemistry HY-50 stoels are simmilar, that iy, tho low-chemistry HY-80 steel
demonstrates a discontinuous Yield for temperiny uemporaturos of 500 and 600°F, whereas the
high-chemistry stool shows a discontinuous yield f{or tempering temnperatures of 600 and 800°F.
The suress-strain curve for the hizh-chomistey HY-80 steel again becomes cunvilinear at the
1000°F temperting temperatures.  An upper yield pmint becomes perceptible after S00°F temper
for the low-chemistry HY-80 steel; whoreas, for tha high-chemistry steel, the upper yield point
is spparent aflter the 1200°F tempering temperaturns,

For the duplex 2000 to 153)7F and 2000 w-1625°F austenitizing Weatments, the streys.
strain curves for various tempenny temperatures, Hizure 10, show a curvilinear yicld up o the
tempering temperature of 1150°F: at 1200°F the currves have a platoau.

(Text continued on page 21)
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Firure 5 = Bffects of Various Tompering Temperntures on Meckanieml Properties of Low- and
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N .: There sppears woibe o combined effect of austenitizing temperature and 1270° F tem-
_' i. pering temperatare on thie yiclding characteristics of high-chemistry HY-80 steel. It is shown
n in Figure 10 that the victlding characteristics resulting from the 1270° F temper for both the
s 1550 and 1625° £ sgutomitizing Ureatments change from discontinuous to curvilineas; the curve

obtained from the specitvien austenitized at 1550° F is more curvilioear then that for the spoci-
".'_.»:A mens austenitized at¢ 1Bi25° F. The specimens tempered at 1270° F after being quenched from
B the duplex susteritizinptemperatures of 2000 to 1625° F show a plateau type of yielding,

The effects of acxstenitiizing are very noticeable for this tempering temporature when the pro-
portional limit data commpiled in Table 6 are compared. For the austenitizing teinperatures of
1550 and 1625° F, the rrwsulting proportional limits are at the 60,000-psi level, wheroas the
limits for the specimensswhich wore tempered at 1270° F and had the duplex austenitizting
treatment, 2000 w 1825°1F, are approximalely 20,000 psi higher

Notch Brittieness

- In general, the nuich-brittloness properties of both the low- and high-chemistry HY-80

- steols showed a0 incromso in transition temperature with increasing austenitizing temperatures

and with decreasing tompering tomperatures.
: In comparinz the (Charpy V-notch data for the low- and high-chemistry steels for a given
= tempering temperstaze,. thic higher mechanical properties of the high-chemistry 1Y-80 steel

must be considered or am.erroneous conclusion may be drawn as to the cffects of chomistry,
Although the majnrity ofl1the Charpy V-notch tests for both the low- and high-chemistey HY-80

steels were tsken from tthe transverse direction of plate roll, the results from the few longi-

tudinal specimens jndiouite highor onurgies and lower transition temperatures. Mechanical
property strength, Charpyy 'V-notch data, and the relaticaships between longitudinal and trans-
verse impact dsta for boith the low- and high-chemistry steels will be fully discussed in 8 sub-
Sequeont soction of this rreport, However, it should be noted from Tables 5 und 6 that, for a

givon strength level, tiiCharpy V-notch energy levels are the same for a given fibrous con.

diticn whilo the fibrous tteusition Lomporatures are dependent upon the austenitizing Uoatment,
temporing trostwent, andichomistry.

Tables § and 6 amil Figures 11 through 186 clearly show the effects of temporing te.npers-

tures on the onergy-ahuomption level and fibrous tzansition temperaturos for a givon austonitizing
tecatinont. The curvau off Charpy V-notch’ onorgy absorbed versus tomperature for specimens =
temporod bolow €00° F wre vory similar; see especially Figuros 11 and 15,

From theme wame-iinbles and figures thero appoars to be an increase in Charpy V-notch K
cnergy-ahsorption level ,und a decrease in (ibrous transition temperaturae for tempering tempora- ' "
turos b twec 300 and L11530° F. For tempering temperatyres above 1150° F the transverse data < 1
show & jux.aposition in llatoral expansion, percont fibrous fracture, and enetgy absorption for -T
any austonitizing treatmunt,

(Text continued on page 30.)
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Figure 16 — Effects of Tempering Temperature antCharpy V-Notch liapact Properties
R of High-Chemistry HY-80 Steel sfter Ausstenitizing at 2000° F
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Micrestmicture : Y

The effects of tempering tormperature on the martensitic microstructure for both low and
high austenitizing temperstures azondepicted for low-chemistcy HY-80 steel in Figure 17 aad
for high-chemistey HY-60 in Figurcel18.

The miciostructutes, as expoected, for both the low- and high-chemistry steels show
progressive spheroidization of carbrides from the as-quenched martensitic state to the highly
tempered martensitic structores. Nvo precipitated products wer2 discernible for the low tem-
pering temperatures, 500 to 600° F5.unot for the structures tempered at 1150 to 1200° F.

Metallographbic examination of spec:imens tempered ot 1270° F revealed u still greater
spheroidization of carbides.
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EFFECTS OF VARIOUS TEMPERIMNG TIMES AT VARIOUS
TEMPERING TEMPERATURES

Tempering times at 2 given temperature were investigated to study their effects on the ',—-_:
tensile and notciv-brittlencss propertties of HY-80 steels.

:,"""

Tensile Properties

A study of the tengile propertiies compiled in Table 7 indicates that the yield and
tensile propertics decrease with intrreasing times at tempering temperatures. To meet yield- :’:‘_
strength specification requitements-iit takes the low-chemistry HY-80 steel quenched to a r

fully martensitic structure 2 to 3 hroat the 1150° F temperiog temperature whereas the high-
chemistry RY-80 steel doos rot meeet the maximum yield-strength requirements after 3 hr at
1150° F. If these data are projectes], it will take approximately 6 be at 1150° F for the high-
chemistry HY-80 steel to meet the ~ypecified yield strength,

Notch Brittleness

The offects of empering i< for various tempering temperatures on the Charpy V-notch
teansition temperatures are shown ic Figures 12, 20, and 21. The cffects of tempering time
were investigated more completely- [for the low-chen.istry 11Y-8C steel than for the high-
chenistey 1Y-80 steel because of thae insulficient quantity of the high-chemistry material.
Charpy V-notch transition termperatures of the low-chemistry HY-80 steol for tempering
temperatures below 1000° F were imvestigated for times up to and including 8 hr at temperature,
Tempering temperatures above 1151°°F were investigated up to and including 18 hr. The re-
1 sults are only indicative for the holaiing times investigated. -
The Charpy V-notch transitiom temperature for the lowschemistry steel, Figure 19, "
appears not W be affected by the toszpering holding times investigated. Figure 20 compares .
the offects of tempering at 1200° F ffor holding times of 1 to 16 hr for two austenitizing tem-

peratures, 1550 and 1625°F. The ressults lor these tempering temperatures and holding times

(Text continued ca pege 37.) '
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indicate that normal sustenitizing temperatures have no effect on notch brittieness for the
times investigated. ‘Superimposing Figure 20 on Figure 19, it can be seer that the 1200°F
tempers fall on the trassition curves obtained by tempering at 1150° F.

For the high-chemistry H1Y-80 steel, the effects of holding time at one tempering tem-
perature, 1250° F, were investigated; see Figure 21. The Charpy V-notch transition temper.
stures for this one tempering temperature indicate that a fully martensitic high-chemistry
HY-80 stee! is not detrimentully affected by holding times up to and including 16 hr.

Microstructure

Ethereal picric acid with Zephiran Chloride etch revealed no embrittlement of the

microstructure {or any given tempering temperatures with the holding times investigated,

CORRELATION AND INTERRELATION OF DATA

These data wiif he correlated to establish base lines for future evaluations of the
effects of other variables on mechanical and notch-britticness properties. Maximum energy
and fibrous appeerance (100-, 80-, 50-, and 30-percent fiber) of the Charpy V-notch specimens
were sclected as constants for relating tensile properties to other Charpy V-notch impuct
tesults. In addition, correlations between properties are prescated such as longitudinal to
transverse Charpy Venotch properties, longitudinal tensile properties to Charpy Venotch fi-
brous transition temperatures, and, finally, hardness to yield and tensile strengths. To con-
sider properly the large number of variables involved, cach problem was statistically programmed |,
for the 1BM 709 computer. Figures 22 theough 24 and 26 are the results of derived least
square equations. The cquations for the least-square fit and its sigma (o) values given for
each developed curves ure the best for the obteined data. For three curves a fourth-degree
cquation was obtained which had a sigma valuo which was smaller in the second decimal plaen,
A sample plot was rade using the third- and fourth-degree equations, ard it was observed that
the third-degree equation was as adequate as the more cumbersome fourth-depree equation. The
sigma values ohtained from thied- and fourth.degree cquations were always the sume; therofore,
only third-degree equations were used in plolting the curves, except in onoe case a second-
degree curve was uxed, The limits of the independent variablo were the minimuim and maximuam
text data obtained except in Figure 23 where the maxinmum limit was set for data obtuired
below tempers of 600° F,

The Appendix ix n compilation of the Teast-square equations and their sigma valu. . for
curves chown in Figures 92 theough 24 and 26 throygh 28,

CORRELATION BETWEEN LONGITUDINAL TENSILE AND
CHARPY V-NOTCH PROPERTIES

Figures 22 sad 23 show the Jenst-xquare fit relating longitudinal yield and tensile
strengths to teansver o Charpy Vonoteh properties (encrey abxorption and fibrous transition

temperatures) for a wiven Charpy Venoteh fibrous condition, The least-square equations

(Text continued on page 41,)
a7
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given in the Appendix for developing Figure 22 were derived from Loth the low- and high-
chemisiry test data. Equations derived for cach individual chemistry showed that its sigma:

value was slightly lower than the sigma value of the cambined chemistries. For example, thee
curve relating the maximum Charpy V-notch energy absorbed to yield streagth for baih chem -
istries bas 8 sigmz value of 5.03; the sigma values for the fow- and the high-chemistries are;,
respectively, 3.05 and £.99. It can be considered thst the sigma-value deviations for the coma-
bined chemistries given it the Appendix for Figure 22 fall weoll within experimental error.

Figure 23 shows that for the high austenitizing lemperatures, 1800 to 2090 F,-the re--
sults fall on one curve for any given Charpy V-notch fibrous fracture condition. For the low:
austenitizinz temperatares, 1550 to 1650° F, the data obtsined (rom the 100- and 80-percent
Charpy V-nctch fibeous [ractures fall on two distinct curvos. The low-chemistry 11Y-80 aus--
tenitized between 1550 and 1650° F and the high-chemistry HY-80 austenitized at 1625° F falll
on the intermediate curve; whereas, the high.chemistry 11Y-80 austenitized between 1625 andl
1650° F fall on the lower curve. This duta indicates that the austenitizing temperature and:
glso the chemistsy have a direct effect on the Charpy V-noteh fibrous transition temperature:
for the 1Q0- and 80-percent fibrous fracture conditions. However, for the 50- and 30-percent:
fibrous fracture conditions, the fibrous transition temperatures rosults for either chemistry aree
dependant only oo the range in which tho specimens were austenitized, that is, the specimenss
austenitized between 1550 and 1850° F full on one curve, while those austenitized between
1800 and 2000° F fall on the higher curve,

Figure 2% is a compilation of the least-square curves of Figures 22 and 23; however,.
the 100- and 80-percent fibrous-transition-temperature curves for the 1550 to 1650° F austen—
itizing temperatures are omitted from this compilation because of the large effect of chemistryy
as depicted in Figure 22. For the stecls investigated the transverse Charpy V-notch onergys
absorption for a given fibrous condition can be predicted for any desired strength level from:
Figure 24; however, only a semiquantitative prediction can be otained for the filrovs-fracturr
transition temperatures.

The effects of directionality Charpy V-notch propertios for low-chemistry 11Y-80 steell
austenitized at 1550° F are shown in Figure 25. It is interesting to note that, for a given
fibrous feacture appearance and for strongth levels between 110,000 and 160,000 psi, the
specimens for longitudinal and transvorso Charpy V-notch fibcous transition temperatures
sppear o merge together, whereas theru iu a distinct spread between the curves for energy--

absorptioa levels,

CORRELATIONS BETWEEN LONGITUDINAL AND TRANSYERSE CHARPY V.NOTCH
DATA AT MAXIMUM ENERGY OR AT A GIVEN PERCENT FIBER

In the preceding section in which data relating 10 Lhe effects of varying sustenitizing:
and terpering temperatures on HY-A0 steoly were presented, it was noted that there may be x
correlation between the Charpy V-noleh eneegy-absorption fevels of longitudinal and trandversee

data for maximum encrgy absorhed ard for a given Chamy V-notch librous fracture appesrance:.
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Figure 26 depicts, for a given Charpy V-notch fibrous fracture appearance, the correlation

l ~ between longitudinal and transverse fibrous transition temperatures and the correlation be-
tweon longitudinal and transverse energy-absorption levels for the steels used in this investi-
gation,

- . The cormrolations given in Figure 26 are to be considered as indicative, since the curves

N are fitted to a limited number of test points. With additional data it would be expected that

I . the degree of fit will not change but that there will be a slight shift in the curve itself. The

- sigma value of 7 ft-1b, given in the Appendix, for the transverse energy versus the longitudinal

. energy is within experimental orror, whoreas the sigma value of 25°F for the fibrous transition

temperatures is considercd large,

- CORRELATION BETWEEN HARDNESS AND

. TENSILE PROPERTIES
o Figure £7 depicts the relation between yield and tensile strength and Rockwell C
:l; hardness for specimens austenitized between 1550 and 1650° F. Since Brinell hardness is

™ ususlly related to tensile strength, this relationship is also shown in Figure 27. As pre-

. viously discussed, specimens austenitized at 1800° F and above had lower hardnesses than
those austenitized at lower temperature for corresponding strength levels. From the Appendix
it can bo seen that the least-square curves fitted to the high austenitizing teniporature, Fig-
ure 28, have lurger sigina values. Figure 28 shows the combined effects of chemistries and

high-austenitizing treaiment on tho hardness for a given strength level.

DISCUSSION

-
0
-

The test results which have been presented show the effects of particular variables
such as wustenitizing temperatures and tempering temperatures on the mechanical propertios

of fully quenched, martensitic, production-produced, HY-80 stocl plates of both low snd high
chemistry,

ST A

To understand the effoects of varying heat-treatment on the properties of HY-80 steel,
Charpy V-notch fibrous fracture appearance was selected as the criterion since it is holioved

that this property is more sensitive to change in mictostructure than any other criterion.

TTTeT

In peneral, this investigation shows that HY-80 steels austenitized at sny temperature

and thon quenched io a fully martensitic structure and tempered in accondance with the spoci- '.‘i::j

-;.:7 fication would meet the mechanical propertios and Charpy V-notch impact requiremonts of : %
g Referenco 2, For the latter property where high austenitizing temperatures are concerned, it . ‘1
- is cnutioned that the energy absorption cannot be considered as a true index for notch brittlo- -"_’?

ness since the specifizution's longitudinal isnpact requirements, 50 ft-1b at - 120° F for piates

up to 61.2 [b per nq It and 30 ft-1b at -~ 120° F (or hoasier plates were estahlished empirically, 29

(Tex! continued on paye 47.) ;- {
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Higher austenitizing temperatures may increase the NDT tempetature, that is, the energies

z o - obtained for specimens ausieaitized above 180t F (while meeting the 50 ft-1k level st ~120° F)
i do not necessarily indicate an acceptabla NDT temperature,

w In Figures 11 and 15, in which longitudinal and transverse Charpy V-notch curves are

. . compared, the lower legs of tke curves do not merge as would normally be expected. It ie

i believed that this failure to merge between the lower plateaus may be due ta composition, heat-

treatmont, and amount of cross-rolling; however, examination of Charpy V-notch curves taken
from a number of production-roduced plates indicated that this separation is normal for HY-80.
Figure 23 shows that sustenilizing temperatures have an effect on the ansvorse Charpy
. V-notch fibious-fracture trazsition temperatures for a given fibrous fracture. It depicts that,
E for the high austeniiizing texperatures, 1800 to 2000° F, the Charpy V-notch fibrous-fracture
transition temperatutes are a2bove the transition temperatures obtained from the low susteni-
tizing temperatures, 1550 to 1650° F. The only exception to the preceding observatiot is the
high-chemistry steel tempeced at 400° I after quenching from the 2000° F treatment. The higher
the strength level, the greater the difference in spread between the high and low austenitizing

L N
. r

temperatures,

For the steel chemiczl compositions investigated, it appears from Tables 5 and 6 that
the minimum transition texrperaturo for any given fibrous condition resulted by austenitizing
at 1550° F for the low-chexisuy and at 1625° F for the high-chemisury 11Y-80 steels. Howeve:,
the duplex austenitizing treatments above 1800° F result in higher transition temperatures.
For example, it can be ssez for the 50-percant fibrous-fracturo transition tomperatuce ia Tables
5 and 6 and Figure 23 that there is approximately & 100° F differenco betweon duplex high

Iv 'n '.

auslenitizing trcalmonts an3 tho optimum austenitiziog ltemperatures lound, respectively, for
the low- and high-chomistry HY.80 steels.
The lowoest Charpy V-notch fibrous-fracture transition temperature, 100,000- to 110,000-

psi yiold, nppears to be at 1150 and 1200° F for the 1-hr tempering times as evident by Numhers
8 and § in Figure 23, 100,000- to 110,000-psi yiceld strengths. In fact, in Figure 23 the least-

square fit shows that the vansilion temperatures have a tendency to increase with tempering R

temperatures above 1200° F and with yield swongths below 100,000 psi.

From Figure 22, itis seen that for any given Leansverso Charpy V-notch librous fraciure

ERCIERECLD
. LT ..
.

appoarance and for any selected strength ievel, the encrgy-absurption fevel is inuependent of

S

i Austenitizing and tompering temperatures. This figure shows that, for Charpy V-notch 80- and {:"‘:'_
) 100-porcent fibrous fracture appearanco und for maximum encrgy-sbsorption fevel, tho energics ;
increase with doctoasing streapth levels. But tho Charpy V-notch energy-absorption lovels (f:_’;f;'

for 50- and 30.pcrcont fibrous fracture appearances show a decrease aitor 95,000-psi yield - i

strength or after tho 110,09.psisten<ile-strength lovel is reachod, )

Itis interesting to eote from Fijure 25 that tho low.chomistry HY-80 steel, if fully ‘1

quenched and e nored o a yield strength of 150,000 pai, will have for the H0-percent-iibtous- ]’

[racturo-transiticn level, a transverse Charpy V-nolch energy absorption of 28 fi-1b at -70° F, -
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and & corresponding longitudinal Charpy V-notch cnergy absorption of 42 ft-1b at ~80° F.

For high-chemistry HY-80 steel heat-treated to a yicld ctrength of 150,000 psi, Figure 22
shows that the trensverse Charpy V-rotch 50-parcent fibrous-fracture encrgy values would
also [all close to the 28 ft-lb tevel. However, from the black clused triangles for the 50-

percent fibrous-fracture-transition temperatura in Figure 23, this cnergy value would be T

obtained at a test temperature of -95° F. The lungitudinal energies for this same fracture e
criterion probably would be above 45 ft-1b at ~110° F. -

:
\

]

Fror the test results of either of the IfY.40 chemistries investigated, it can be eeen e
from Tables 5 and 6 and from Figuro 23 that tho xteel is subject to aging in two tempering

ranges. For the 500 and 800° F tempers the effoct is to increase the transition temperature '._-.'t
and strength level. In Figure 25 the longitudinal fibrous-fracture transition temperatures
for these same tempering temgeratutes show tho xnme significant increase. For tempering
between 1150 and 1200° F there appears to be a combination of two effecta. The first is the
- precipitation of a complex molybdenum carbide phase, giving rise to a secondary hardening
: or aging cffect,’® and the sccond is a softening offoct due to the coslesence of carbides in
tempering. Because these effects nullify eac* othor, the strength ievel remains somewhat

iy constant, but the teansverse fibrous-iracture transilion temperatures are slightly decreased.
"

T
b

PIECER LTI S
R LN
R

The longitudinal fibrous transition temperatures nhow 2 greater decrease.

Figure 10 depicts the changes in yielding characteristics for various austenitizing
trcatments. The theoretical aspects of relating dincontinuous and continuous yielding to

nicrostruciure and its relationship to practical upplication will be covered in the final report
on Phase 1. Tho transverse Charpy V-notch envryies would be increased by cross-rolling,
but the longitudinal Charpy V-notch energies would be reduced. In any case, the data pre-

sented and the relative changes rosulting from changing a given heat-lreating variable would
be applicable for either the straight-away or the ¢ross-rolled plates.

e

These data are not intended, for the prescnt, to relate brittieness to any of the Navy's
established notch tests, Once the effects of all the heat-tresting variables on the mechanical
properties of HIY-80 steel huve been established, theso data will be related with the drop-

- weight test in order to define the effects of given vuriables on the nil-ductility transition i ‘
- :

I

¥
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temperatures (NDT).

It is roemphasized that the data given bervin are mainly for the purpose of establishing
; a haseline for comparing the effects of isothermal peuducts and relating the rosults of investi-

gationy to be conducted in Phases I, Ui, and IV of thiy study. As additional data are gatherod,
they will be used to develop limitations of the precaoding corrolations. B

.

CONCLUSIONS

. ‘.'." e
a2l
1
8

It is concluded that the effects of various nustenitic and tenpering treatments on the

v , , -
mwc-hanical properties of fully quenched HY-80 steei 1 used in this investignlion are as follown:
- o
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1. Various auutenitizing temperatures do not aflect the mechanical tensile propertiea cf
HY-80 steels quenched alter austenitizing and then tempered botween 1150 acd 12T0° F,

2. Traosverse Charpy V-notch impact energies are above the 50 {t-1b level at ~120° F for
specimens quenched from batween the austenitizing temperatures of 1550 and 1700° F and
tempered between 1150 aod 127C° F.

3. Austenitizing between 1800 and 2000° F' temperature range incroases the transverse
Charpy V-notch impact 50-percent fibrous-fracture transition temporature 100° F over the
transition temperatures abtained at the lower austenitizing tempezature, lowever, the
transverse encrgy values are above the longitudinal 30 ft-1b requirements of the specification
for plates over 61.2 1b per sq ft.

4. Temopering tinmes up to 16 hr have no effect oa notch-brittleness properties.

5. A correlation has been established relating strongth level to Charpy V-noteh energy

absorption and transition temperature for four fibrous fraclure appearances.

6. A.relationship has been deveioped correlating longitudinal and transverse Charpy
V-noich daia fur a given fibrous [racture appcarance.
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APPENDIX
LEAST-SQUARE EQUATIONS USED IN CORRELATION OF DATA

In this Appendix the lcast-square equalions and the sigms values developed for the
curves of Figures 22, 23, 25, 97, and 28 are given.

The symbols used in the equations given in this Appendix and the mennings of these
symbols arec

A. Longitudinal Strength, ¥

1. F,’ is tensile yield strength in kipa,
2, F,, is ultimate tensile strength in kipa,

. Transverse Charpy V-Notch Erergy Absocbed, £

1. E_, i8 maximum energy absorbed in ft-1b,
2. E
3. Eggi
4. Egqin energy absorbed in ft-1b at 50-porcent fibrous Imcture appearance.

5 E

100 15 €nergy absorbed in fi-1b st 100-percest fibrous fraciure appearance.

8 energy absorbed in ft-1b at 30-percent fibrous fracture appearance.

2 18 energy absorbed in ft-1b at 30-percent fibrous fracture appearance.

C. Tran=verse Charpy V-Notch Fibrous Fracture Transition Temperature, T
1. 100-percent fibrous fracture appearance.

8 Ti00-14 is ccnbimed low- and bigh-chemistsy HY-80 steel sustenitized 1800
to 2000° F.

b. TS , 4 is low-chemistry HY-80 steel austenitized 1550 to 1650° F.
c. THC . is high-chemistry HY-80 stoel austenitized 1550 to 1650° F.

2. b0-percent fibrous fracture appearance,

o Too pa is combined low- and high-chemistry HY-80 steel austenitized 1800
to 2000° F.

b. TLE, , is low-chemistcy HY-80 stool austenitized 1550 to 1650° F.
c. rs’{fLA is high-chemistry HY-50 stoel austenitized 1550 to 1850° F.

3. 5M-percent fibrous fractvre appesrance

8. Ty y4 i# combied low- and high-chemistry HY-80 steel austenitized 1800
to 2070° F.

b. Tgg.p 408 conbined low- and high-chomistry HY-80 stoel austenitized 1550
to 1650° F.
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4. 30-perccent fibrous fracture appearance
& T4y, i3 combined low- and high-chemistry HY-80 stee] sustenitired 1800
to 2000° F. '
b. T,,.1 4 is combined low- and high-chemis&y HY-80 steel austenitized 1550
w 1850° F.
D. Directionsl Charpy V-Notch Impact Propertiea
1. Longitedinal
s. £, is energy absorbed in ft-lb.
b. T, is fibrous transition temperature in deg F.
2. Transverse
8. £ is energy absorbed in (t-Ib,

b. T, is fibrous trarsition temperature in deg F,
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To cotrelate longitudinal strength and transverse Charpy V-notch energy absorbed at
maximum energy absorbed and at a given fibrous fracture appearance (Figure 22), the following

equations and sigmsa valves were used:

A. Maximum Energy Absorbed

1. Yield Strength
Epox = - 269 +10.450 (F, ) - 0.09428 (1~',,)2 +2.5513 (F,,)-‘* x 10™%; o0 = 5 ft-lb

2. Tensile Strength
E_.. =10.38 + 3.424 (F,) - 0.03465 (F, )? + 9.0726 (F,,)° x10~5; o = 5 {t-1b

tu’
B. 100-Percent Fibrous Fracture Appearance
1. Yield Strength
E oo = - 199 + 8.6097 (F,,) - 0.07959 (F, )? + £.1777 (F )} x107% 0 =4 ft-1b
2. Tensile Strength .
E o0 = 83.33 + 1.755 (F,,) - 0.02303 (F,,)? + 6.4990 (F,)} x 107% 0 = 5 ft-ib
C. 80-Percent Fibrous Fracture Appearance
1. Yield Strength
Ego=11.9+ 2.810 (F, ) - 0.03157 (£ )? + 9.2330 (F,))* x 1075 0 = 5 fLlb
2. Tensile Strength
Ego = 192.68 - 1.157 (F,,) - 0.001001 (£,)? + 1.3663 (F,,)® x 1075; o = 4 (-1

D. 50-Percent Fibrous Fracture Appearance

1. Yield Strength
Ego =-282+8.510 (F") - 0.07020 (F,y)2 + 1.8210 (I",y)3 x 1074, ¢ = 3 ft-1b

©

Tensile Strength
Ego = - 136.42 « 4.408 (F,,) - 0.03325 (F,)* + 7.6860 (£,)® x 107%; 0 = 3 ft-lb
E. 30-Percent Fibrous Fracture Appearance

1. Yield Strength
Eyp = - 188 + 5.7002 (F, ) - 0.04864 (F‘U)’ + 1.2130 (F‘,)3 x 1074 o = 4 fL-1b

2, Tensile Strength
Eyo= -138.22¢3.836 (F,,) - 0.02723 (F, )? + 6.1028 (F,) x107% 0 « 4 ft-1b

To correlate longitudinal strength and transverse Charpy V-notch fihrous (racture

teansition temperatures (Figure 23) the folloving equations and sigma values weto used:

A. 100.Percent Fibrous Fracture Appoarance

1. Austenitized 1500 to 2000° F, Low- and High-Chemistry HY-80 Stoel
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a. Yield Strength e o
Tioo-ita =1:834 =50.120 (F.) + 0.43311 (F, )2 - 1.1567 (F,)* x 10~%; 0 = 23°F _
b. Tensile Strength S
Tyo0-wa =822 - 21.284 (F, ) + 0.16738 (F,,)? ~ 3.8475 (
2. Austenitized 1550 to 1850° F
a. Low-Chemistry HY-80 Steel]
(1) Yield Strength

TIOO La = 202.3 -6.410 (Fly) +0.034544 (F’)z, o=117°F
(2) Tensile Strength

rwo La=—44.4-2.2251 (K, ) + 0.01750 (F, )% - 8.9110 (F,,)® x 1078 o = 16°F

b. High-Chemistry HY-80 Steol

(1) Yield Strength

THC | 4 == 13.47 - 14026 (F,y) - 3.8195 (F, )% + 1.7435 (F,)? x 10=5 0 = 5°F

F,)} x10"4; 0 = 18°F

(2) Tensile Strength )
THC L4 =887 = 22.024 (K, ) + 0.15202 (F, )2 - 3.2131 (F, )3 x 10~ 4 0 = 2°F

B. S80-Percent Fibrous Fracture Appearance

1. Austlenilized 1800 to 20060° F, Low- and Iligh-Chemist;ry HY-80 Steel ,
a. Yield Strength ‘ e o .
Tyo.na = = 1995 + 46.226 (F, ) - 0.37076 (F‘y)2 + 1.039427(1-‘,,)3 x 10~ 3. 5=10°F
b. Tensile Strength ' :
Tao-a = — 48 = 4.7697 (F, ) + 0.05993 (F, )2 ~ 1.5728 (F, ) x 104 0 = T°F
9. Austenitized 1350 to 1650°F
a. Low-Chemistry 11Y-80 Steel
(1) Yicld Strength
TEC, 4 = = 295 + 54570 (¥, ) - 0.06754 (1c*y)2 + 2.8880 (F, )3 x10~4% o = 14°F
(2) Tensile Qtrength
TECr 4 = 1025 - 20371 (K,,) 3 0.20215 (F,,)? - 4.4890 (F,,)® x 10~ 4; 0 = 15°F
b. High-Chemistry HY-50 Steel
' (1) Yield Strength .
Tooor 4 = 568 = 24121 (F,.) + 017792 (F,)*-3.9476 (F, )3 x 1074 ¢ = 3°F
(2) Tensile Strength

TatCp 4 = 2523 = BT.308 (K, ) + 0.39925 (K, )? - 8.8019 (K, )3 x 107 % 0 = 2°F

.....
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C. 50-Percent Fibrous Fracture Appearance
1. Avustenitized 1800 to 2000° F, Low- and Righ-Chemistry HY-§0 Steel

a. Yield Strength
n 2 -4,
Tgo.44 = 1032 ~ 31,830 (F,,) +0.26820 (F‘y) - 8.7457 (l“",)3 x107% o = 10°F

b. Tensile Strength -

. 2 . 3 -4, .
| \ Too.ya = 1452 - 37.380 (F,,) + 0.28467 (F,,)? ~ 6.6386 (F,,)° x 1074 o = 12°F N
: 9. Austenitized 1550 to 1650° F, Low- and High-Chemistry HY-80 Steecl ;j:lzfi
i D
4 a. Yield Strength
A 2 k] -4, S
. TSO-LA = 959 - 28.54 (Fty) + 0.22706 (F,y) - 5.4845 (F‘y) x107% o = 14°F '___..
’ b. Tensile Strength =

- Too.s 4 = 1658 - 41,838 (F, ) + 0.30632 (F, )% - 7.0058 (F,)® x 10~ %, 0 = 13°F

. D. 30-Percent Fibrous Fracture Appearance '
I: 1. Austenitized 1800 to 2000° F, Low- and High-Chemistry HY-80 Steel E‘*"
’ a. Yield Strength ‘_.'_:"'
() 2 3 -e, T
Tyo-na = 597 -20.9%0 (Fty) + 0.18024 (F,’) - 4.3766 (F") x107% a=11°F ot
- b. Tensile Strength ::‘
- Tyu.1q = 1292 - 34.636 ¢4, ) + 0.2633 (F,,)? - 6.0891 (F, )} x 1074 ¢ ~ 13°F —
h b s
- 9. Austenitized 1550 to 1650° F, L,ow- and High-Chemistry HY-80 Steel for
. L
- a. Yield Strength :;‘3_
- ar 3 -4,
- Tyo.p4 = S2T - 26.548 (F, ) + 0.21485 (F,))? - 5.26397 (F,)* x 107 % 0 = 15°F s
i b. Teasile Strength ::
- Tyo.p4 = 2136 = 53.379 (F,.) + 0.39093 (F,,)? - 9.0322 (F,,)® x 1074, 0 = 18°F T
-'_: To correlate transverse and longitudinal Charpy V-notch impact properties (energy i"..',-.:
absorbed und fibrous-fracture transition tomperature) for wmaximum energy and for any given F
i‘ percent fibrous fracture appearance of a fully quenched, production-rolled low-chemistry o
B HY S0 steel plate (Figure 26), the following equations and sigma values were uscd: o
‘n‘t-
. A, Transverse Energy Absorbed versus Longitudinal Encrgy Abscrbed (-
- Ep =-10.4 +2.089 (E7) - 5.2107 (E1)? x 107 % 0 = T ft-1b b
. RS
» B. Transverse Transition Temperature versus Longitudinal Transition Temperature L.
iy T, =~ 13.6 4+ 1.025 (T) - 6.5633 (T7)? x 1074 2 = 25°F o
'."_'..
» —
o ' 54 i
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To corvelate hardness, Rockwell C scale, and longitudinal strengths loc WX -80 steel
austenitized between 1550 and 1650° F, Figure 27, the foflowing equations and sigma valwes

were used:

A. Yield Strength
Fiy = 249.4 - 20.101 (R() + 0.76245 (Rc)? - 1.8967 (Rc)® x 1073 0 ~ 3.5 kips

B. Teansile Strength
F,, =67.9 + 3.166 (B.) ~ 0.13083 (2.)? + 2.9952 (B()® x 10 3; o = 2.8 kips

To carrelate hardness, Rockwell C scale, and loagitudinal strength for IIY-80 steel

" austenitized between 1800 and 2000° F, Figure 28, the following equations and sigma values

were wsed:

A. Low-Chemistry HY-80 Steel
1. Yield Suength
F,’;C = 87.4 ~ 3.394 (R() + 0.23716 (#)? - 2.6404 (2.)® x 1073 o ~ £.1 kips

2. Tensile Strength
FLC < 961410173 (R;) -~ 0.49279 (R()? + 9.2964 (B()® x 107 3; o = 3.1 kips

B. High-Chemistry 1Y-80 Steel

1. Yield Strength
r,’;c = 605.8 - 56.98 (R) + 2.0003 ()2 - 0.02166182 (R;)? x 1073; o = 4.2 kips

2. Tensile Strength
FIC 70,6 + 7.605 () - 0.44659 (R.)® + 8.73005 (8.)® x 10~ %; o = 8.1 kips
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