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ABSTRACT

The objective of thie program wss to develop gn ultra-high strength steel
in the 300 to 320 ksi ultimate tensile streagth range, with improved
fatigue strength, fracture toughress, and strass corresion resistence for
greater relisbility in forged landing gesr components, Alloy <evelopment
studies were conducted on two bainitic alloy systeme snd two mavriensitic
alley systems in urder to develop the best cembinstion of mechanicsi pro-
perties at tensils strength levels in excess of 300,000 psi. Of the four
alloy systems investigated, steels frem the :ov siloy medium carbon Ri{-Cx~
Mo~Si-V martensitic system developed the beet combinstion of fracture
toughness, fatigue strength and stress corrosion cracking resistansece, 4
martensitic alloy waa developed with 2 nominal compositinon of

c % r 5 S8 M & g

— S - —

0.40 0.35 <,010 <.010 2.25 1.8 0.80 g.25 9,22

wvhich achievze the following asverage longitudipnal properties based on
lsboratory sized heals: ¥.S. = 268 ksi, U.T.S. = 311 ksi, El, = 12%,

R.A, = 44%, CVN = 20 ft-1bs, Krc = 60 kei Jin,, Kygpe = 17 ¥si /in,, unnetch
fatigue strength st 107 cycles of 170 ksi, aad a notch (Ky = 3.0) fatigue
strength of 80 ksi,

The stress corrosion studies demonatrated that varisations in phesphorous,
sulfux, silicon, chromium, asid molvbdenum, significantly influenced glane
strain fracture toughness properties, but had essentiglly no effect on the
Kiscc atress corrosion cracking resistance nerameter, The low atloy
1{-Cr-Mo-8i~V martensitic steels had greater SCC resistzace than the best
bainitic steel,

Processing studies conducted on twe bainitic alloys and one martens:.tic

alloy revealed that the vacuam src vemelted {VAR) steels hed the highest
levels of fracture toughness, and the a2lectroalag remeited (ESR) steelsz had
the lowest levels of fracture toughness, Investigating the influence cf
melting practice on fatigue properties demonytrated that for the twos bainitic
steels the ESR material had the highest fstigue strengthe, end the VIM
materisl the lowest fatigue strengths. For the martensitic steel the VAR
material had the highest fatigue strengthes followed by the ESR naterial and
the VIM material. The experimentsl steels demonstrated teasfion~-tension ua~
notch fatigue strengths, at 107 cycles, in the range of 170,000 to 219,060
psi. Notch {X¢ = 3.0) fatigue strengths st 107 cycles of 80,000 psi were
achieved, Thermal-mechanical working treatments demonstrsted that the strergth
and toughness properties of nultra-high strength low allpy martensitic snd
bainitic steels are influenced only slightly by refinement of the prior
sustenite grain size,

Comparison of the machanical propexcies of the newly developed. isv siley mare
teasitic steels with similar progertisa of currently used commersiz: ultrae
high strength steelr revealed thst the strength-toughness snd the atrangthe
SCC resistance characteriscics of the new low slioy mextensitic ateesls a0
superior to those of tbz commercielly produced sieels, Both the urnotch and
notch fatigue atrengths of the new Ni-Cr-Mo-Si-V martensitic steels vers
superior to the similsrly measured fatigue strengths of the coxiiezcial gresis.
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I, INTRODUCTIOR

The incressingly stringent requirements, in terms of load, range,
maneuverability, and performsnce of present and future milits“y and commer-
clal aircraft, places Iincressing demznds upon the strength and reliability
of the steels and other high strength materials used in these aircraft,

The great need to save weight in these larger asnd higher performence sircrsft,
lustifisbly caugses designers to look for higher and higher strength steels,
The increased strength, however, must not be accompanied by decreases in
franture taasu“eas, fatigue strength, and stress corrosion cracking resis-
tance {a order to emsure reliability in the performsnce of the criticsl load
bearing ccmponeats, For it is well known that very smali flaws, excessive
inclusion contents, or hostile environments can cause catastrophic failures
at stresses well below the design level, if the material lacks sufficient
fatigue strength, toughness, or stress currosion resistance.

The objective of this program was to develop an ultra-high strength steel

in the 300 to 320 ksi ultimate tensile strength range, with improved fazigue
strength, fracture tcughness, and streass cerrosion xesistance for greater
reliability in forged landing gear components and reiated structural airframe
applications, The guaranteed mirimum ultimate temsile strengths of tha two
currently widely used low alloy steels for landing gears are 260 ksi for 4340
steel gnd 270 ksi for 300 M steel. An increase in the gusranteed minimum
ultimate tensile strength to 300 ksi would, therefore, represent s 10 to 15%
increase in ultimate tensile streagth level, The approach to schieving these
gosls was to conduct concurrent alloy development end processing studies,

The alloy development efforts included three separste spproaches a2 foilows:
A, Low Alloy Bainites, B. Medium Alioy Baiaites, and C. Low Alloy Martensites.
The processing studies included the influecce of impurities and melting
practice on mechanical properties sas evidenced by the effects of vacuum ine
duction melting, electroslag remelting, and vacuum afc remeiting; and the
effects of thermal-mechanical working mn an annesled farrite-carbide matrix &nd
its influence on hest treated properties of low alloy steels,

II. MATERTALS AND PROCEDURES

A, Materials

The great majority of the experimental glloys were melted in a 50 ih wvacmum
induction melting (VIM) furnace, The slloys were melted either 2s aingie

50 1b ingots or three~-way split heats resulting ir three 1§ 1b ingots.
Fifteen heats {Heats K1 through 15) were meited in s 300 1b VIM furnasce st
Battelle Memorial Institute, Columbus, Ohia, a5 two-way split heats resulting
in 50 1b ingots. Some of the earlier bainitic steels were melted in ar air
induction furnace snd poured into 70 1b ingot molds. & prefix of the lstters
4, B, or C before a heat number indicate an air irnduyction melted hest, whiie
the letters V or Z indicate a VIM heat, All ingols were forged st 2150 7,
conditioned, and rolled to 1/2-iunck thick niate st 1850 F,
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Three experimentsl alloys (C229, €230, C231) were initially air induction
melted 88 85 1b ingots, forged to 2-5/8-inch diameter rounds, and electro-
slag remezlted {ESR) by Mellon Institute, Pittsburgh, Peannsylvania, The 5‘
electrodes were remelted in a water cooled copper molu using AC power st s

! current of 2000 to 1400 amps and & vcltage of 39 to 43 volts. The melting {
rate was 1 to 1,2 lbs/min. An automatic electrode gufde mechanism kept the H
electrode 20 to 30 mm into the flux, using a 3-inch flux gap. The flux used )
contained 60-707% CsFp, 10-15% lime, and the balanmce alumina. One ingot
{Heat (229} had & rough surface because the furnace controls kept cutting off
and the high lime flux boiled up during remelting.

e i

The vacuum 3rc remelted (VAR) heats were melted at our Central Alloy District
- Canton, Ohio, as 350 ib electric furnace hests using & standard double slag

: practice zad poured inzo 9-inech diameter electrede ingot molds. The electrode
ingots were then conditicned and consumable vacuum arc remeited, The VAR

"
po—)

ingots wers then forged at 2150 F tc 4-inch gquare bars, by length, cut into }3 §

li«inch lengths, conditioned, forged agsin to 1-1/2-inch thick slabs, condi. =

tioned, 2ué rolled to 1/2-inch thick plate, =
3]

B, Test Procedures

Tae following general srocedure was used in the processing and hest trestment
of all experimenisi slloys. The 1/2-inch thick plate muterial was sectioned
into rough suet 1/2-iach sgquare tensile and Charpy coupons, gradient dars,
and quenching Gilstemetexr samples, The grsdient bars were hested in a

radient furnace, with a 2200 F backwall tempersture, and water guenched in
order to determine the Ay, Ay aad carbide solution temperatures for subsequen:

L

i)

produced sbout z 0.003-inch wide slet,

denoted as, a,, in Figure

the isitisl coteh iz -
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heat treatment of the allsey, This ensured that esch alloy was hsat tregted
ecorrectly, that i3 the sustenitizing temperature wzs selected as the micimum S
tempersture which ernsured that ail cardides were in sciution (in one hour) ]
in the austenite, All machenicsl property specimens were initislly normslized .
f£or 1 hour 3t g temperzture of ILT to 1502 ¥ 2bove the austenictizing tampera- ’
S ture for the siloy. Al: hest treatments were performed im neutral ssit baibs B
ané the csrtensitic alleys were guenched into 128 F agitated oil, and douuble K
E . tempared &t vVETioua tempersturss for Z + 2 houre. VYhen refrigeration treal- + b
3 menrs were used the mstevisl wa2 reirigeratsd before tempering at -118 ¥ for {
E - ! hour, The quenching Zilstsmersr apecimene were used to deiermine the L .
B : msriensite start temperzturss 2nd if the ziley was hea: trested bninitically, . '~}
E the TTT curve was determined metsilicgrsphicaily. The mechanics! property 1]k
§ specimen coupong B&re then heat trested zndé subsiquearly finish ground. The £
- Charpy V-notch spzcimens were of siandsyd dimensions {8.30&<inrhes squara
’ 258 2.i85-inmches iong}., The tesnsile spacimeas were standard I, 252-4{nch 1 IF
€ diszeter round specimens with a I-inch gege lepgib s3 ehowp fn Figure i(&). { ~
E; 411 tensiie tests were pevformed sr Yoom fempersiure. §§
= The plene-strain fracture toughnegs =s5ts wers perior=zd £t rocn tempersture, §§ =
4 ir ordimary air, and st -~65 F in 2 bath of drv ice snd trichioroethyisas wslng the i 3
= aotch bead specimen shown in Figure i{k}. The preparatica of the test ;g
H specimsns copmsisted of cuttisg = 1/i6-insh sict {.Z38-iackes de2p by 2 é% =
: grinding wheel 3nd extending its bsse spproximstely G.ud50«ieches deep by -
: electric discharge machining, using 0.0633-inch t 25
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0.120-inches by fatigue precracking the specimen in a three .point bending
configuration and irom losd measurements the maximum stress intensity (K max)
at the crack tip during f.nal stages of fatigue crack growth was calculated
to be typically about 0.4 of for most alloys and never axceeding 60% of

. The finel crack length, s, was within the limits of 0.43 to Q.55 W where
W'is the specimen depti nominally O,800-irnches, The plsne~strasin fracture
toughness tests at bothk room temperature and -65 ¥ were in accord with and
met 211 of the cuzrent ASTM (E395-70T) recommendations and requirements foz
plane~strain fracture toughness testing (1).

The strees corrosion tests utilized the same plane-strain fracture toughness
specimen, fatigus presracked in the szme msnner, After precracking all
specimens wexe g#tored in desiccators prior to testing. All specimens were
cantilever loaded Y“wat" (salt sclution added prior to the application of
load) a&s shown in Pigure 2, Tha initial stress-intensity levels (Kpq) were
calculated accoerding to the relationship given by Kies, et al. (2). The
3-1/27% RaCl soiution was changed daily except on weekends and specimens were
exposed untii either the specimen failed or a minimum time of 200 hours had
elapsed.

The Charpy Ve-notch specimens were tested at various temperatures on a 240
ft-1b capscity SATEC Impact Tester Model S1-1C, which was certified by the
Army Materials and Kechanics Research Center, Watertown, Massachusetts,

Smuoth and notched (K¢ = 3.0) fstigue specimens were tested in tension-tension
loading at an R value of +0.1 (R is the ratio of minimum stress to maximux
stress), The unnotched fatigue specimens, shown in Figure 3(a), were lapped
to produce a surface fiaish of 2 to 6 rms. 7The tests wer> performed on a
Sonntag Model S¥-4 fatigue testing machine cycling at 3600 cpm, The fatigue
gpecimen and grips were surrounded with a Tygon tubing container, as shown

i{n Figure 4, through which 8 flow of prepurified nitrogen gss (dewpoint of
=3¢ P) is passed for the durstion of the test in order to maintain s constant,
low humidity, testing atmosphere, The gligoment of the machine, loading
train, and test gpecimen were cheécked thoroughly both ststically and dynami-
celly in order to minimize bending stressee.

III. RESULIS AND DISCUSSIOE

The results of the &lley development studiss will be presentad initislly, and
include extensive inveatigations ou low alloy bainitic steels, medium alloy
bainitic steels, and low elloy martensitic steeis., The results of tbe

stress corrosion investigations wili be presented next, fcllowed by the
rzsults of the processing studies, T2 processisgz studies inciude an ex-
tengive investigation of the effects of impuritfes 2znd melting practice on
tension-tension fstigue properties and cthe effects of thermsi~mechanicsl
working trestments on strepgth sud toughness properties,
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Alioy Development Studies

L

2y Aliav Rainitic Stesls

The two decomposition products of sustenite, in alloy carbon zteels,
which can be utilized to achieve uitra-high strength levels are
lower bainite and martensite, It is now well established that for
the same composition snd equivalent strength levels lower bainite
has toughness properties which gre superior to tempsred martensite
(3,4,3). 1t was felt, therefore, that if a bzinitic steei could be
developed with strengths in excess of 300,000 psi ultimate tensile
strength it ghould have toughness properties superior to those of

a martengitic steel st the same strength level. One approach u:ed
to achieve this aim was to suitably alloy a steel to produce an
zging response or secondary hardening uvpon aging subsequent to the
isothermal bainitic treatment. This concept and these steels zre
hereafter referred to as baitaging steels. The basic allcy system
chosen was 2 medium carbon Ni-Cr-Mo-V system. The compositions of
the Ni-Cr-Mo-V bainaging alloys are presented in Table I, and the
tensile and Charpy V-notch impact properties are presented in

Table I1. As mentioned eariier in the gsection on Test Procedures,
for each bainitic alloy the A;, A3, carbide solution aad Mg
temperatures were determined slong with the complete lovrer bainite
portion of the TIT curve for each alloy., Therefore, the mechanicsl
properties reported are for the optimua heat treatment for each
alloy. For these low alloy bainitic steels the austenitizing
temperaturec ranged from 1550 F to 1750 F and the transformstion
times rznged from 6 hLours to 48 huurs to ensure thet a completely
bainitic structure w~s formed. Each alloy was isotherically trans-
formed at a temperature of 25 F to 35 F sbove its My temperature in
ordar to obtain maximum strength properties, The age hardening
curves for these alloye indicated that 1if sge hardening did occur,
maximum hardening was observed at a2 temperature of approximately
950 F for an aging time of & hours.

The mechanical properties in Table II reveal that if the alloy over-
ages or softens upon bainaging at 350 F the toughness generally
increases, however, if the strength level remains coastrat or ia-
creases vpon bainaging the tvughness generally decreases, Thus tle
strength-toughness response to secondary Lardening in these

bainitic steels is very simils. to the behavior cbserved in secondary
hardening martensitic steels, The data in Tables I &nd II also

reveal that for a given strength level an increase in N{ is beneficial
to toughness and that increasing Cr and B are detrimental to toughness,
Three of the alloys (B332, B333, and B355) had ultimate tensile
strengths in excess of 300,000 psi in the &s-transformed condition,
while the highest strength obtained in the aged condition was

294,000 psi for alloy B346, These results indicate thet in order to
obtain an ultimate tensile strength of 300 ksi in these bainitic
stzels a minimum carbon content of 0G.507% will be reaquired, While &
srrength level of 30! ksi war obtained for alloy B355 with 0.45%
carbon and 2,007 silicon thio is not a desirable approsch because of
the very detrimental influence of the high silicon content on Chaxrpy
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impact toughuenrz, Bssed on these vesulis six additionsl compositions
were vacuum indection melted, processed, and mechanicsl properties
determined., The cumpositions of thase 2iloys (2383 tbhrough 2394) are
prezented in Table I, znd the mechsnical properifez sve sregented in
Table III. About &% cobzlt was sdded 2o sll of thege ailoys in

order tu move the bsinite finish curve to the left sr zherter times,
All ot these six allicys wers isothermslly transformed for § hours.

The date in Table III revesl that £11 &of the slleys meet the strength
requirements in the as transformed coundition but thst significent
goftening occurs upon aging 211 allovs, &s scticipated the zlloy
with the highest molybdenum cantznt (Z351) dsmcnstrated the highest
retentivity of streagth upon aging. As was shaun by the dats in
Table II the elements which produce age herdening {chromium and
molybdenum} cannot be rsised to tos high a level because s szwere
loes ia toughness accompanizs z proncunced zge hardering respozse,
The astrength snd toughnegs response of these bainitic stesls a3z g
function of chromium and molybdenum contents erxe shown in Figures 5
and 6. Increasing chromium content ix sszen to have & slight
strengthening effect for =1l thres heat Ireatment torditicns aed &n
inconsistent and unpronounced effect on toughness propextiss.
Increasing molybdenum content increases stirength sad decresses Charpy
impact toughness as shown ia Figure 6. The lower strength of the az
transformed bainite at the highest molybdenus level is oot & zeal
compositional effect but is probsbly attributed fo a2 higher isotharmsl
transformaticn tempersture for alley 2381, 4lisys Z36%3, Z3%0, a2nd
2391 were isothermally tranaformed to bainfte for 6 heure at 495 F,
475 F, and 5325 ¥ respectively,

The strength-toughness properties of these aa trensformed bainitic
steels are shown in Pigure 7. The machanical properties shown in
Figure 7 end similar dsta on tke other alloy syateme iiimsztrated
throughout tHis rapuii ere plotted inm this msnner f{a order to resdily
compare the rtrength-tor ness relationships of the expzrimentsl
ailoys with thuse of the urrently, widély used 200 ¥ steal, As

300 M steel is the most widely used commercisl silay for forged land-
ing gear components it seems appropriste te compere the sireagth-
toughness properties of the experimental alloys wwith the airength-
toughness properties of sizilarly processed 58 ib VIM laboratory
produced 300 M steel. When 300 M steel is vacuum fnduction melted
and proccessed in the same msnner as thz sxparizentsi alleys, it
typicaliy achieves an ultimate tensile strength of 286 ksi with
Charpy V-notch impact energy vaiues of 19 ft-lbs st +78 F &nd

16 ft-1bs at -65 P when tested in the longitudinsi direetiez, -
Therefore, the coordinates drawn in Figure 7 zmé ip other figures
throughout the report are drawn st a value of 286 kai I,T.5, and

19 ft-1bs Charpy V-noctch impact energy for resdy coxparisgsn with the
streugth-toughness properties of the experimentsl siloys. Frem the
dats in Pigure 7 it can be seen that while the desired strength
levels were achieved, the Charpy impact eamergy values did not gsach
the desired levels, As the strength-ctcughnesa ralztionships of these
low slloy bainitic steels did not look enceurasiag work im thie sllcy
system was terminsted. :
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Medium Alloy EBainitic Steels

At the 260 to 280 ksi ultimste tensile strength level HP 9-4.45
steel heat treated bainitically has the best combination of strength
and toughness of any available commercial alloy. It's oaly short-
coming is that it is limited to a minimum tensile strength of about
260G ksi, Therefore, efiorts were initiated to modify HP 9-4-45
steel in order to increase the strength level range of the bafnitic
microstructure, Initially twelve 70 1b air janduction heats were
made to determine if the strength level could be increased readily,
After determining the TIT diagrams of the ctwelve alloys, four of the
alloys had unsuitable TIT curves for bainitic heat treatment,
therefore only eight of the alloys were heat treated for mechanical
properties. The compositions of these alloys are presented in

Table I and the properties are listed in Table IV, Of these eight
alloys only alloy B297 showed promise toward achieving higher
strength levels. 1t's toughness level is also very high ccnsidering
that these were air melted ingots. BRased on these results eleven
additional medium alloy bainitic steels, with varying levels of
carbon, nickel, chromium, and molybdenum were vacuum iuduction melted,
processed and tested. The compositions of these steels (Hests Z211
through ZZ25) are presented in Table I and the mechanical properties
are presented in Table V, Alloys Z211 through Z214 are high carbon
modifications of the previous most promising medium alley bainitic
steel, (Heat B297)., The dats in Tsble V reveal that incressing the
carbon content has lowered the My tewmperature sufficiently to enszble
the desired strength levele to be achieved in a bsinitic micro-
structure, Each of these four szlloys were isothermally transformed
&t both 25 and 75 ¥ above their respective M_ temperatures. The two
higheet csrbor heats, Z213 and Z214 achieved tensile strenjzths
grester than 330,000 psi. The increase in strength level was, however,
sot without cost as the impsct properties were decreased considerably.
The astrength-toughness reistioaships of these allovs are illustysated
ian Pigure 8.

Seven heats of the medium alloy bainitic steels, Z219 through 2225,

were iavestigated to determine the effects of varying Ni, Co, Cr,

Mo, and Si levels on stwength snd toughness proparties. Heats 2219,
ZZAO sné Z221 (see Tables I and V) are a 0.46% C, 3.5% Ri, 2.0% Co
composition with varying silicon content, As shown in Figvve 9 it

gen be seen that increasing Si produced s modest increase in strength
with 8 commensurate decrease in Charpy Impsct toughness. Thoge alioys,
howaver, are short of the desired streagth level range. Alloys 2222,
2223, and 7224 sre a modified Xrupp steel-with higher carbon coatents
for gtrength, and cobalt sdded to decraase the bainite fioizh times.
The strength level of these bainitic steels are also maiginal, The
tensile strength-Charpy impact toughness reiationsbips for these

heats are alsc shown in Figure 8. A4s the strength-toughness rclation-
ships «f these medium alloy bainitic steels did mot look promising,
work ia this alloy systexm was stopped.
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Low Alloy Msrtensitic Steels

el

Madium Carbon Ni-Cr-Mo-W-V Sysiem

The low alicy martensitic steel spproaches involved two slloy
systems, and the first alloy system {avestigsted wzs the medium
carbon Ni-Cr-Mo-W-V gystem, A&s evidence existed indicating that
tuagsten enhances the toughness of medium cerbon martensitic
steels (6) as well as the toughness of tool steels (7) it was
decided to thoroughly explore the influence of tungsten on tough~
negs in low alloy ulira-high strength steels, The composition
and properties of the initial hests in the Ni-Cr-Mo-W.-V gystem
(Heats V707 threugh 279) are preseated in Tables I and VI
respectively, Alloys 275, Z77, 278, and 279 are¢ remake heats of
V710, V748, V750 and V751 respectiveiy, becsuse of migsed com-
positions, These z2iloys were desigred statistieslly using a 1/3
replicate of a 33 factorial expariment, confounding using the
Y(ABC) aiisses, The mechanical property data in Table VI were
analyzed statisticzlly and the results of regression snslyses for
the 400 F temper dats sre shown below:

U.T.S., ksi = + 65.5 + 458.5 (%C) + 13,1 (%Cr)
+ 5.9 (Mo) + 6.9 (TW)

R? = 0,85 Standerd Error = 6.8 ksi
CVE, ft-1bg = + 41.1 - 8.6 (%Cr) - 22,3 (TMo)
-87%2 + 2.9 (%cr) + 7.0 (Wo?)
+ 2.0 (%W<)
RZ = 0,74 Standard Error = 3.5 ft-ibs

Rz is the multiple correlstion coefficient which measures the
fraction of total variation about the sverage of the dependent
vgriable, which has been explained by the regression equation.

R® can range between 0 and !, values close to 1 mesning thut
most of the variation in the dependent variable has been ex-
plsined by the regression equation. Vzlues near 0 indicate that
the regression equation has explained littie of the varisticn

in the dependent varisdble, The standard error or standsrd error
of estimate is 2 messure of the goodness of fit of the regres-
sion equation. The smaller tue standard error of estianate tae
better the reec—esgion line fits the data. The strength-toughness
relationsaips of these allcys zze illustrated in Figure 10.

Based on these results a second set of fifteen hests were
statistically designed snd processed, The design of these slloys
(295 through Z111) employed a 23 factorial experiment, augasnted
by stcr and center points. The compositinns of these hests are
presented in Table I aund the propertiss arve gives in Table VII.
It can be eeen from Table I that the composition range of Cr,

Mo and W was broaden2d considerably in heats 295 through Z1ii,
compazed to the zarlier V707 gzeries of heata, This was done with
the intention of achieving ultimate tensile strengths in excess




ef 290 kei at tempering temperatures in the neighborhood of

1000 F. This is a very difficult goal to achieve and still main-
tzin sdequate toughnegs., The ides was to add sufficient alloy
carbide formers to produce a moderate degree of secondary
hardening to achieve the desired strength levels at high temper-
ing temperatures. A pronounced secondary hardening response was
to be zvoided, because of its well krown ewbrittling effect. It
can be seen from Table VII that alloy Z106 did achieve an U.T.S.
of 270 kel when tempered at 1000 F, however the toughnesz level
wad low.

The strength-toughness relationships for these wlloys are shown
in Figure 11, and tiue results of the regression snalyses for the
400 F temper condition sre given below:

U.7.5., ksi = + 311.3 + 4.5 (%Cr) - 6.6 (Vo) - 1.0 (7W)
+ 2.3 (o) - 2.5 (W x W¥o)

32 = 3.94 Standard Error = 1.8 ksi

CVK, ft-lbs = + 29.2 - 6,05 (ZCr) - 5.9 (o) - 9.09 (TW)
+ 2.7 (3Cr x ZW) + 1,50 (5W¥ x ZMo)

8.2 = 0,51 Standard Error = 1,8 ft-1bs

In @ddition to these statietically designed Ni-Cr-Mo-W-V alloys

a series of classically designed slloys waz VIM and processed in
order {o determine the cptimum levels of mananese, silicon and
vanzdive i5 this ailoy systes, The coupositions of these alloys
{heats Z112 through Z120) are given in Tabie I and the mechanical
proserties are listed in Tsbie VII. The data on the manganese
series of heats (2112, 2115, Z114} reveal that manganese does not
have z significant eifect on either sirength or toughness. The
data for the vanadium series (Dests Z11iB, 218, sad 2120)
indicates that increasing vasadiom from D.10% to 0.197 has =
beneficial effect on Charpy impoct toughness with no further in-
cresse in toughsess when vanadivam is increased to G.31%. The
effect of gilicon, as shown by heats 2115, Z136 and 2117, is to
sarkedly iscrease both yield and ultimate tensile strength, with
2 sacrifice in toughness at the highest silicon level. Based on
these reguits three additional coaprsiticns were melted, pro-
cessed, and mechanical properties determined, The compositions
of these alloys are 1isted Xn Tebleée I (2386, Z367, 2388) =nd the
mechanical properties ere ligyyd -in Teblé VIII. The strength
and toughness properties for the §00 P temPering temperature are
shown =24 a function of Imageten contedt in Figure 12, The data
fevesl that tangsten has & negligidble «iFect on both strength
and tougliness gropertied, sind. theveSore it apgéars that the

" addition of thé slement tungsien to these low allwy - artensitic
steeld is uat baneficidl, %hije this combindtion of -treagth and
toughness (312 kei snd 17 It-lbs) doed not néad to be

apclogized for, it I8 not & progising as. sofie of the alleys in
the ¥i-Cr-¥o-§i-V iow alloy mirtesiitic systes; therefore work was
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stopped st this point on the Ni-Cr-Mo-¥-V alloy syatem.

HMedium Csrbon Ni-Cr-Mo-Si-V System

The =+ sud approsch for the low alloy mertensitic ateels was the
wedimm carbon Ri-Cr-Mo-Si-V alloy system. Initislly fifteen

VIM heats (243 through 26CG) were processed snd evaluated and

their compositions and praperties are given in Tables I and IX
respectively., Unless noted otherwise all of the alioys in this
ailoy system were refrigerated for 1 hour at -100 F prior to
double tempering for 2 + 2 hours at the indicated tempering
tenpersture, The effect of silicon content on strength and
toughness properties is shown in Figures 13 and 13. In both
geries of alloys increasing silicon msrkedly incressed both

yield ard cvitimate tensile strength., In the Z43 slloy series
in:reaging silicon also increased the rosm temperature Chsrpy
impact toughness slightly, while in the 258 zlloy ssiies in-
creaging silicon decressed toughness slightly., The effect of
silicon content on the Charpy impact energy-ftransition temferature
curves for these six ziloys is illustrated in Figures 15, 14, 17
ang 18, The datz in these figures illustrate that generally as
g:.licon i8 incressed and hence strength level is increased tnat
the Charpy impact energy 1s decreased for & given test temperature.
Tne data in Figure 16 however demonstrate the opposite effect and
it is seen that as silicon content is increased toughness increases
at all test temperstures. This is an important observation and
indicates that further exploration of the ezffect of silicon content
on toughness is necesssry zand alsoc its possible interaction with
chromium and molybdenum as the only difference ia the Z43 series
snd the Z5B series of heats is the chromium and molybdenum levels.
The dats presented in Figures 17 and 18 slso reveal the
importance of tempering tempevature in evaluating toughaess
properties whaa silicon content is s variable, These dsts revesl
that at tne 600G F rempering temperature the low silicon {0.7.%
Si) alloy does nol have superior toughness properties ev.u though
the 2lloy is much less strong than the two higher siiicon slloys.
This is because at a tempering temperature of 660 F the low
g8ilicon steel {(258) is right in the »iddie of the tempered msr-
tensite embrittlement trough as illustrated in Pigure 19,

Becauge of the well known effect of silicon in retarding ths
kinetics of cementite precipitation the tempered martensite em-
brittlement range has been shifted to the right sbout 200 ¥ to
700 F =nd 800 ¥ for the higher silicon levels compsred to the
uguzl 500 F asnd 600 P rsnge for the lower silicon leveils  The
influence of incressiag silicon upon retsvrding the degredstion of
strength properties with increasing tempering temperature is also
illustrated in Pigure 19, Similar observetions are made for the
243 series of alloys in Figure 20,

The effect of chromium on strength and toughness properties is

illustrated in Pigure 21 for both the 746 2nd 249 three-way-split
series of heats, The Cherpy impsct~transition fempersture curves
for thege six alloys are shown in Figures 22 and 23. For the 249

9
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series zero chromium appeared to bz the best level, while for the
246 sexries asbout 0.97 chromiuvm appeared to give the best comhins- i
tion of propertieg, The influnince of cobalt gnd vanadium on }
toughness properties is illussrated in Figures 24 and 25, The

data in Figure 24 revesl thet 11 cobalt is detrimentsl to tough-

ness properties and has no effect on strength properties in these {
low alloy martensitic steels, Increasing vansdium conteat from

0.10% to 0,.20% is seen to be beneficisl to toughness properties

as shown in Figure 25. The streagth-toughness relstionships for
alloys Z43 through Z60 are compared to similar properties for laboratory
produced 300 M steel in Figures 26 and 27, It ig uoted from these
figures that for test temperatures of both +70 F snd ~65 F that

many of these alloys lcok promising from & strength-tsughness
viewpoint., The mechanical propertiez on thie firazt series of

heats, in the Ni-Cr-Mo-Si-V alloy system, have demonstrated, '
therefore, thst increasing vanadium coanteat from C, 10% o 0.20%
is beneficial to impact toughness, that 1% cobalt is detrimental
to impact toughness, and that the optimum levels of Si, Cr, and
Mo warrant further detailed investigation.

et 5y

P

In order to determine the optimum lewels of Si, Cr, a2nd Mo in this
alloy system, &8s well as any possible interaction effects between
these elements, & set of fifteen statistically designed heats

were vacuum induction melted and processed, In addition to these
statistically deaigned alloys s series of claseical design single
compositional variabie alloys were meited and processed in order
to determine the optimum levels of Ni, Mn, and V in these Ni-Cz-
Mo~S81-V low &lloy martensitic steels, The results of the single
variable experiments will be discusgsed first,

OPIDMUM LEVELS OF NICKEL, MANGAKESE, AND VARADIUDK

In sddition to determining the optimum levels of Ri, Ma, sad V in
these low slloy martensitic steels, the effect of columbium ou
strength and toughness was glgc investigsted, The use of Cb as
a sirengthener and grain refiner in hot relled; high Streagth
iow alloy (HSLA) steels i3 well known, hewever its effect oz
structure and properties in medium carbon martensitic steels has
not previously been reported, The element vansdimm i1s usually
used for this purpose in quenched snd tempered ultra-high
strength steels., The compositions and mechanicel groperries of
the (b series of heats (Z332-Z334) are listed in Tebles % and X respectively,
These data illustrated in Figure 28 revesi that strengih pro-
r perties are independent of columbium comtent, but that Chsropy
impsct toughnesg incresses with (b content. The effect 4 ¢ is
therefeore, similar to the effect of vanadium 1a enbaneing tough-
ness, however, as will be shown later vanadium has a more
proucunced effect than columbium,
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The componritions of the nickel series of heats are listed in
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A Teble I and the mechanical properties are listed in Table Rand lﬂg
¥ illustvated in Figure 29, The i{nfluence ef mickel was investi- =
E; gated in two sets of three-way-spliit beats (Heats 2273, 2374, o
X ?';,g
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2275 and 2329, 2330, and 2331), and therefore the data points from
rhe two separate sets of heats are not connected in Figure 29,

The strength is generally higher and the toughness generally lewer
in the higher nickel series of heats becsuse these heets had azbout
a 0,407 carbor content compared to a 0.38% carbon content for the
iower nickel level series of heats. The effect of nickel level

on strenpth properties is not straight forward, but should

probably be interpreted as having essentially no effect on strength
properties. 1In the 2 to 3% Ni rsnge the toughness properties seem
to be independent of nickel level. In the lower nickel range the
Charpy impact energies significantly increase when nickel increases
from 0.52 to 1.66%. In addition the data in Table X revesl that
the reduction in aresa values increase considerably (from 207 to 40%)
over this sasme range of nickel contents., These data indicate that
for 0.40% carbon martensitic steels there is no improvement in
toughness when Ni is increased frem 2 to 3% and that the optimum
nickel content should probsbly be i~ the ramge from 1.5 to 2.0%.

The mechanicel properties for the vanadium series of heats (2276,
2277, eund Z278) shown in Pigure 30 demonstrate that as the vanadium
content is increased from 0.107% to 0.20% there is a slight increase
in yield strength, no change in ultimate tensile strength, but &
suhstantial inczease in notch impact toughness. When the vensdium
level incresses from 0.20 to 0.297% there is essentially neo c¢hange
in strength, but a further slight increase in tcughness. Specimens
from thege three hests were examined metallographicslly in order

to explain the improvement in toughness with increasing venadium
content. Figure 31 shows the microstructures of the three vanzdium
alloys at a2 magnification of 100X. Messurements of the prisx
zusteuite grain size revealed that Hest Z276 with 0.1062 ¥ had an
ASTM grain size of 5.4, and Heats 2277 (0.20% V) ap3d 2278 (0.29% V)
had 4STM grain sizes of 8.4 and 8.7 respectively. The information
in Figure 30 also indicates that the percent reduction in ares

{Z RA) increases in a paraliel manner to toughnegs with increasiug
vanadium coutent, It is well knowr that % R4 is grzin size
dependent and therefore, it is clear that the refinement of grain
size by the addition of vanadium up to 0.26% iz responsible for

the large improvement in toughness and RA but that a further
incresse in vanadium content cauges only slight further grain re-
finement and fnus cnly a slight further improvement in toughness
and reduction in area. These three slloys were also examined by
transmission electron microscopy in order to determine if other
factors besides grsin refinement were responsible for the
improvement in mechanicel properties, This investigation indicated
that all three alloys had similar structures of tempered martensite
and plates of Fe3C, and no significant differences were found;
therefore, it is believed that the major effect of vanadium on the
improvement of mechanical properties is due to grain refiaement,

The results of the manganese serjes of heets (2270, 2271, and
2272) presented in Tsble X and Figure 32 demonstrate that as the
¥n content is increased, the ¥.S, and U.T.S. remain essentially
constant, but the toughness decresses substantially., As these

11
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low alloy martensiiic steels are not lacking in hardenability,
and the finding that incressing manganese is detrimentsl %o
toughness it would sppear prudent to add only sufficieat man-
ganese to tie up about 0.0107 maximum sulfur; about 0,307 Hn
wouid therefore appear to be about sptimum, In order to under-
stand the resson for decreasing Charpy impact snergy with
incrfeasing manganese, these alloys were examined by transmission
electron micrcscopy., The results of this exszmination indicate
that the precipitstion of carbides during tempering was similsr
in &1 three alloys, the carbide in this case (600 F temperx)
being essentisliy Fe3C. The only difference that could be dis-
cerned was that alloy Z27% witi: the highest Mn level hsd a greater
number of microtwinned mactensite plates than did the lower Mn
alley 2270, Figures 33 and 34 show typical regions of alloys
2270 and Z272 respectively, Although, Heat Z272 was not hezvily

microtwinned it did contain substantially more twins than Heat
2270.

It has been well established that microtwinned martensite has
inherently less tcughness than dislocated msartensite (8,9) and
that the lowering of the Mg temperature increases the tendeacy
towards twinned martensite (10). Manganese lowers the

temperature in steels and therefore by increasing the Mn content
there is & greater tendency towsrds the production of lower tough-
ness, twinred martensite, It is a little surprising however, that
an increste of approximately 0.50% Mn would be encugh to produce
& substantial difference in the toughness of the martensite if
twinning were the only explanation. Therefore, it is felt that
twvinning does play & role in lowering the toughness of the higher
manganese &iloy but in addition, scme subtle effect of Mn mey be
operative which as yet cannot be detected., Structure-property

correlaticns in medium carbon martensitic steels are at best
elusive,

OPTIMUM LEVELS OF SILICON, CHROMIUM, AND MOLYBDENUM

In order to determine the proper levels of Si, Cr, snd Mo, and
possible interzction effects bLetween these elements, & set of
fifteen statistically designed heats were wvacuum induction melted
&5 two-way split heete resulting in 50 1b ingots. The composi-
tion of these heats {Heats R1 througk 1S5) are listed in Table I
and the mechanical properties are showa in Table XI, The prefix
R before heats 1 through 8 stands for remake ss the compositions
were missed the first time on the £irst eight heats and Kence
were remade, These 50 1b heats provided sufficient meterisl to
determine fracture toughness and stress corrosicn propertiss in
2ddition to tensile and Charpy impact properties. In order to
determine mechanical property-composition prediction egqustions
and possible interaction effect. between the elements Si, Cr,

and Mo, Heats Rl through 15 were designed stacistically utilizing
s 23 factorial experizment, sugmented by star and ceunter points,
The prediction equations for ultimste tensile strength, plane
strain fracture toughneas at both rocm temperatuze snd -65 ¥, and
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Charpy impact energy resulting from the regression analyses for

3 the composition and mechanical properties shown ip Tables I and
3 X1 are presented below:
~ U.T.S., ksi = 322,5 -920.2 (% Si) +76.6 (% Cr} +24.6 (% 5i2)

| SR,

-23.1 (% Cr2) +12.8 (% Mo)

”

R? = 0.92 Standard Error = 2.9 ksi

Ky, ksiyin. = =35.7 +119.9 (% S§i) -39.1 (% Cr) +31.5 (% o) ;
at +70 F -25.6 (% Si2) -19.8 (% Mo2) -19.8 (% Cr x % Mo) :
+16.1 (% cr2)

[

pn

22 = 0.97 Standard Error = 1.5 ksi /1in,
E Kic» ksi/in. = 20.46 +58.0 (% Si) -36.7 (% Cr) -11.9 (% Mo)
at -65 F ~14.8 (% Si2y +10.7 (% crd)
[§ R% = 0.94 Stapdard Error = 1.2 ksi /in.
ﬁ CVN, ft-lbs = 4,5 +29.4 (% Si) -7.0 (% Si2) -5,5 (% io)
at +70 F -3.3 (% cx)
RZ = 0.68 tandsrd Error = 1.3 ft-lbs

From the values of the multiple correlation coefficient (RZ) and
the values of the standard error cf estimate, it can ne seen that
both tne U.T.S. and Kyp equations should have a high cegree of
predicztability. The multipie zorrelstion coefficients measure
the. fractioh of total variation about the average of the dependent
variable which has been explained by the regression eguation
(values close t6 1 meaning that most of the variatiom in the
dependent varisble has been explsised by the regressicn eguation).
The standard error of estimate igs a measurz of the goodneas of
fit of the regression equation, However, for the CVX equatiosm,
only 68% of tha variation in sverage measured tcughness is ex~
plained dy the vwariatioms ip 5i, Cr, and Mo, This cobaecvaticn is
not tos surprisisg as it is weil koown that frscture initistion
tests such as the Charpy V-notch impact test, the reduction in
area, ant fstigue properties are far more semsitive to inclusicxn
content than are crack propagstion iests such as frscture tough-
ness. Hence, the CVN values will de reflecting the cosent and
distribution of other microstructural festures in addition to

the intended compositional variables Si, (r, and o far more than
the frscture toughness vaiues., Ar these streugth levels, it ie
clear that g crack propagation test such as Epis s better
toughness parameter for screening cemgasitionagrvarishies tharn

is the Charpy V<notch impact test. Gnly the 470 ¥ Kzo - composi«
tion equation indicates ar. intaraction effsct nelwesn eiemaste as
shown by the negative 4 Cr x % Mo term. It {8 noted fthat the

-85 F Kyg - composition sguatics differs from the +70 F Kyg -
composition zquation in that it doez wot contein fither a Hbz or
a Cr x Mo term. It is not uaexpected that s toughness-composition
response curve is ¢ifferent-both quaiftztively and quantitativeily
at different test temperatures.
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The mechanirz. groperty-conpczition prediction squaticns £or
U.T.S. apd E.; are sxpressed grapiically in Pigures 35, 36, 37, .
The depen’.meé of ultimate tenrile strength upon silicon content v
illusteatyd in Figure 3> reveals that strength is essentislly
coastern’ «uatil the 81 ievel is appruximately 2.1% &7 which point
the ultr'oat tensile strength (U.7T.S.) incresses rapidiy., A4t the
same s5i'‘.on level both Xy, expressi:ns resch z maximum and the
fractur ¢ ~oughnecs decreages abovwe about 2,17 Si 22 stremgth
incieassr: From these dats it would appear that the optimenm
silicor evel is about 2.1%, 7Jhe influznce of chromium level
upon K . snd U.T,S, illustrated in Figure 36 discloseg that U.T.S.
' increa.2s sharply with incressing Cr, unti} szbout 1.7% Cr when
] 2 maxiwum is resched and U.T.S. begins to decresse with a further
i increase in chromium, The +70 F Kig equation indicates that Kyp }
, deirrases until sbout 1.5% Cr at which point Kyp reaches e |
niniwym and with s further incresse in Cr, Xy increasses sgain.
The -65 F Kyc equation indicates thet Kyc decreases until gbout
1.7% Cr and thea s slight upturn in K,~ is observed with
increuasing Cr. It is believed that the -65 F X.,. versus
chremium response curve is the mores vsiid one 2nd although frac-
tur: toughness does increase agsin at high Cr levels it probably
nevar reaches the iavel observed at the lowest Cr contents
(sheut 0,75%4). From a fracture toughness standpoint, therefore,
it would seem that a lover Cr level (about 0,75%) would be most
grgirable. The mechanical property versus molybdenum expressions
#hown in FPigure 37 disclese that a8 Mo is increased over the
range from 0.25% to 1,0% strength increases linearly and fracture
toughness decreases, it wiuid appear advissble therefowe, to
keep the Mu level low and only add sufficient Mo {about §.25%)
to meet haxdenability requirements, The -65 F Ky, - composition
prediction equaiion {s illustrated in three dimengions in
Figure 38, This figure discloses that to achieve maximum frac-
ture toughness silicon should be maintsined at about 2,1%, and
that molybdenum and chromium should both be limited to the lovest -
levels investigated which is about 0.25% and 0.75% raspectively. 2
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It should be noted that the use of prediction equatiowns to g 3

extrapolste bersnd the compositionsl limits of the alloy A=sign LA

r i3 an unwige practice. =
>.© @& further attempt to understand the influence of, and proger E i

levei ef Or and Mo from a fracture foughness viewpoint several &

correlntions of fracture toughness with Cr and Ho purameters are a 1%

presented in Pigures 39, 40, and 41. Data for these “igures 4

; were taken from heats which had 2 silicon level in “he range Irom ? B

3 2 1.78% to 2,15% which produced sn ultimate tensile strength rangs e
: of 257 kei to 315 ksi. The dats in Figure 39 reweal that the [ %
ratio of the carbide forming elements {Cr + Mo} to carbon should 22 v

: be kept a8 low as possible for asxixum fracture toughneas. 2As £3
’ shown in isble I 211 of these low allcy martensitic steels had i I £
: a carbon cootent of about 0.40%. The variatlon of fracture E 2
i toughness wiih combined chrowium snd molybdenum content shown in Ez
Pigure 40 demonstrstes agein that Cr plus Mo should be held to = g

{ the lowest possible levels for maximum fracture toughness., The 5 gg
3 &
%
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data presented in Figure 41 indicate thst the Cr to Mo ratio
does not significantly affect fracture toughness at either +70 F
or -65 F,

Baged on this apalysis of the statistically designed alloys £nd the
results of the_single varisble experiments to determine the optimum
levels of Ni, Mn, and V, two additional heats were vacuum induction
melted and processed. As discussed previously the optimum Ni, Maq,
and V levels were determined to be about 1.8%, 0.30%, and 0.25%
respectively, The results from the statistically designed heats
indicated that the optimum silicon and melybdenum levels should be
about 2.1% and 0.25% respectively and that chromium should be low,
probably &t sbout 0.75%. In order to further clarify the differences
in slope of the +70 F Kyc, and the -65 F Kyp response curve a£ a
function ¢f chromium content (Figure 36) it was decided advisable %o
melt a high Cr level hest in addition to the lower Cr level heat.
The higher Cr level heat would also present an opportunity to
validate the predictability of the ultimate tensile strength equstion
#3 well., The compositions and mechanical properiies of thesge two
heats (2525 £nd 2551) along with the composition and properties of
laboratory produced 300 M steel (Heat Z.49) are presented in

Tables I and XII. 1t can be seen from the data in Table XII that
the lower chromjum heat 2551 (0.82% Cr) achieved an excellent
combinstion of strength and toughress properties with an ultimate
tensile strength of 311 ksi, 19 ft~1bs Charpy impact energy, and

a Kyg of 60 ksi /in, at +70 F and 45 kei /in, at -65 F. As expected
the higher chzomium heat 2525 (1.90% Cr) produced & higher strength
level (318 kei) and a lower toughness level (14 £t-1bs, zud

49 ksi /in.). These experimental results are ccmpared “o the
predicted results in Table XIII, utiliging the mechanicael property-
conposition prediction eguations presented earlier. This comparison
reveals that the prediction equatiops should not be used to provide
sccurate quantitative estimates of mechanical properties, but that
they are of value in indicating mechanical property-compositional
trends qualitatively.

The Charpy impact prouperties of Reats Z525, 2551, and Kl through
15 are compared to the impact energies of lgboratory produced
300 M steel (Heat 2449) in Figures 42 snd 43. Corsidering the
fenerally observed relationship of rapidly decreasing toughness
with incressing strength-at these ultra-high strength levels,
the strength-toughness relationships of these medium carbeon
{about 0,40% carbon} Ni-Cr-Mo-Si.V msrtensitic steels are con-
sidered quite attractive. The plane stresin fracture toughness
properties of these alloys are compcred to those of 300 M steel
in Figures 44 &nd 45, These comparisons reveal that at doth
room temperature and ~-55 F the ultimate tensile strength-
fracturz toughness relationships for the new experimental mar-
tengitic steels are considerably improved compared to 300 ¥ -
steel. Considering the fracture toughness properties of the
8lloy with the ocptimum composition (2551) it is seen that tie
tensile strength level hae been increased by about 25,000 pzi
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while maintaining the same level of frac. :re toughness as in

300 M steel, As shown by the laboratory heat of 300 M steel

in Figures 44 and 45 and as demonstrated by all of our

experience with the HP 9Ni-4Co steels the fzacture toughness pro-
perties cotained from billet stock from large dismeter vacuum

arc remelted ingots are almost always greater than those obtained
on 4-1/2-inch dismeter VIM laboratory ingots., It is, therefore,
anticipated that the fracture toughness levels of the experimental
martensitic rteels will be improved by about 10 to 207 when they
are made commercially by electric furnace-vacuum arc remelt
practice. A more detailed comparison of the mechanical properties
of these new low alloy martensitic steels with simflar properties
of other commercially available ultra-high strength steels will

be made in the final section of this report.

FRACTURE TOUGHKESS - CHARPY IMPACT CORRELATIONS

The availability of 2 relatively lsrge amount of well documented
fracture toughness and Charpy impsct data generated in this
program provided the opportunity to attempt correlations between
fracture toughness ani Chacpy impact energy values., Even though
previous attemptz to correlate Kyo with Chzrpy impact energy
values have proven unsuccesaful (1ll), the large economic and time
saving convepience of the Charpy impact test compared to the
plane strain fracture toughness test was sufficient motive for
snother attempt tc determine a agtatistically valid correlation
between Kyo and CVN toughness parameters, It is clear from the
average CVN and Kjc values for Heats Rl through 15, shown in
Figure 46, that there is not & simple linear relationship between
Kic and CVN. A total of 47 separate Ky, CVN, and Y.S,
observations were programed in a variety of forms in an attempt
to determine a valid correlstion between Xy- and CVN parameters,
The most valid correlation found is given beiow as equation {(a):

Eqn. (s8)

2
X 46.3  0.75 CVK
(EE) -0.18 + e +

2

S
R” = 0.91 Standard Error = 0.0049
6.3 . 0.75 CYN,L/2
= r- - .
or KIC ¥s {-0.18 + w5t = ]
R2 = 0.66 Standard Error = 4.87 ksi J/in.
16
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A second correlation not as statistically valid, but one that
can be plotted in two dimensions 1is presented below as
equation (b):

Egqn. (b)
2
(%9} = -0.045 + 1.37 (&)
R2 = 0,82 Standard Error = 0,0068
or K, =TS [-0.045 + 1.37 (%,_N)]uz
R? = ¢,66 Standard Error = 4.87 ksi /in.

This equaticn (b) is e: ressed granbically in Figure 47, and the
large awounl scatter observed would indicate that this is not a
relisble relaticnship to use. One of the problems in determining
a statisticaily valid correlstion between Xy, and CVN is that it
is not possiblc to cbtasio a good independent estimate of CVN and
YS because YS snd LVN are highly correlated., The expression
given in equation (a) is sigrificantly better than equation (b)
as can be seen by the values of 82 and the standsrd error of
estimate. Even equation (a), however, will sniot be & good pre-
dictive equation because there is too much scatter about the line
as indicated by the standard error of estimate. In summsry
equation (a) is certainly the best equation te use to estimate Xjo
values from C%¥Y values, however, even equation (a2} is only of
value for a “ball park" estimstz of Kyc and unfortunately the
experimentalist will still hsve to perform the fracture tcughness
test in order to determine a neaningful an¢ valid Kyg number,
Both of these expressions were obtained from datsz on low alioy
martensitic steels which had yield strengths in the range of 234
to 2f7 ksi, ultimate tensile strengths in the range of 281 to
332 ksi, Fjc vslues in the range of 34 to 70 ksi /in., and CVN
values in the range of 11 to 21 ft-1lbs.
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B. Stress Corrocion Studies

In addition to enhancing the strength-‘oughness relationships in ultra-
high strength steels one of the aims of this program was to improve

the stress corrosion cracking (SCC) resistance of ultra-high strength
steels., Toward this aim two approaches wsre taken; (1) to lower the
impurity elements phosphorous and sulfur to the lowest possible levels,
and (2) investigate systematically the influence of the elements
silicon, chromium and molybdenum on SCC resistance.

. ) -

INFLUENCE OF PHOSPHOROUS AND SULFUR

~——— ———y

The influence of the impurities phospghorcus and sulfur on the toughness
of high strength steels has been investigated widely, however, little
work has been done conceraning the effects of these impurities on the SCC
resistance af high strength steels. To investigate this effect a series 1
of six 35 pound heats of 9-4-45 steel werz vacuum induction melted (VIM)

with varying phosphorous and sulfur levels and subsequently forged and |
rolled to 1/2" thick plate material. Tensile, Charpy impact, fracture
toughness, and stress corrosicn specimeas from eech heat were subsequently
heat treated to both bainitic and martensitic microstructures. The
bainitic specimens were normalized, austenitized, and isothermally trans-
formed at 465 F for six hours., The martensitic specimens were normalized,
austenitized, oil quenched, refrigerated at -110 F and tempered at 500 F
for 2 + 2 hours. The fatigue cracked stress corvosion specimens were
cantilever loaded in a 3-1/2% NaCl solution which was changed daily,
except on weekends, and the Kygcc values were determined after specimens
had rua out for 500 bours. Kjggc stande for the plane strain stress
intensity, under SCC conditious, above which cracking is observed, The
compositions and properties of the six heats (V723-V746) are shown in
Iable I and Table XIV. The stress corrosion curves for two of the alloys
are shown in Figures 48 and 49 and curves summarizing the influence of
phosphorous and sulfur levels on CYN, Ky and Kyggc properties are
illustrated in Figires 50 through 55. The complete delayed foilure curves
for sll six alloys were presented in the Second Quarterly Progress Report
ca this contract., The stress corrosion curves in Pigures 48 and 49

e fr— promamn o~

Ly 1
it

illustrate the severe degradation in load carrying capacity of ultra-high L8
strength steels when fatigue cracked samples are stressed in an aqueous
environment., For &1l phosphorous and sulfur levels the bainitic micro- I

structure exhibited greater stress corrosion cracking resistance than the H
martensitic microstructure. o

The effect of phosphorous content on Ky and Kygeo for sulfur ievels of

.009% and .010% is shown in Figure 50. Ior this sulfur ilevel it is seen
: that both fracture toughness and SCC resistance are essentially
independent of phesphorous level over the range of .004 to .020%. The
effect of sulfur content on Kyg and Kygoe is illustrated in Figure 51
for phosphorous contents less than .00&%, It can be seen that increasing
sulfur Ievel significantiy decreases fracture toughvess of %Hoth the
bainitic and mertensitic microstructures, while there is apparently no
effect of sulfur on the Kygee evels. The effect of phosphorous plus
sulfur contept on these two parameters is shown im Figure 52 and reveals
a pronounced detrimeatal effect i Ky aud a sligutly detrimental effect

& )
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on Kigec. With respect to toughness it can be seen from Table XIV that
for the same total P + S content (0.0297% fcr alleys V726 and V727) that
sulf 'r is the more detrimentsl of the two elements. The zffect of
phosphorous, suifur, and phosphorous plug sulfur on Chazpy impact pro-
perties is shown in Figures 53, 54, and 55 respectively. It is evident
from these figures that sulfur is far morxe detrimentul to toughness
than phosphorous. We have seen, therefore, that while increasing phos-
phorous and sulfur levels are detrimental to toighness properties of
both bainitic and martensitic 9-4-45 steel that these impurity elements
had essentially no effect on SCC resistance as characterized by Kjgee.
it should be .noted that only the trends of this impurity element study
should be considered, and not the absolute magnitude cof the toughness
numbers, as these properties were cbtaiced on small laboratory heats of
9-4~45 steel and not commercially produced vacuum arc remelted msterial,

INFLUENCE OF SILICON, CHBOMIIM, AND MOLYBDENUM

The influence of silicon, chromium and molybdenum on SCC resistaonce in
low alloy ms:tensitic steels was investigated by means of the fifteen
suatistica. " designed heats (Rl through 15) in order to determine the
compositional dependence of the stress corrosion resistance parameter
Kignc. The Kygee values were determined from specimens which had not
failed after 200 hours io a 3-1/2% NaCl solution which was changed daily
except on weekends. The stress corrosion curves for all fiftcen alloys
were reported in the Sixth Quarterly Progress Reporti on this contract
and thrzee of thesz stress corrcesion curves are shown in Figures 56, 57,
sad 58, The general shape of the stress intengsity-time to failure
curves wag the same for sll fifteen heats. As shown in Figures 56, 57,
and 58, and by the Kygce data in Table XI the variations in Si, Cr,

and Mo produced sigpificant changes in plane strsin fracture toughness,
however, the SCC resistance parameter Kygo. w2s essentially uneffected
by these compositional variations. The Kygoe values for all fifteen
z2lloys were in the range of 16 to 19 ksi /in. and hence the stress
corrosion resistance of these 0,407 carbon =msrteariric steels is inde-
pendent of the intended variations in $i, Cr, snd Mo; 1.78 tc 2,75% Si,
0.80 to 1,757% Cr, and 0.26 to 1.02% Mo (compousitious listed in Table I).
These same variations in Si, Cr, and Mo produced a change in fracture
toughness values ranging from 40 to 64 ksi /in. (Table XI), indicating
that Kygcc and Kyc are in no way simply related. The often made
generalization that if a materisl’s fracture toughness ia increzsed its
stress corrosion resistance will alsc be increased is shown here not to
be either a good or valid zeneralization,

While the Xrscc threshold stress intensity values were indeperdent of
composition it can be seen from the stress intensity - time £5 failure
curves in Figures 56 through 58, from the portion of the curve where

the stress intensity decreases rapidly at essentially constant time, thut
this essentizlly conataat time to fzilure over a varying stress range
shifts significantly from alloy to slloy, A regression analysis was

run to Jetermine if there was a significant composition depeadence of the
time to fsilure at an applied stress intensity equal to 60% of the ziloy's
Kic value, The results of this regression analysis are given belcw:

19




e
|
)

£ ————— . it s e = n e v

Time to Failure, llinutes = 488.85 +60.3 (% Si) -735 (7% C1)
at Eqy = 0, 60 Ky + 256.8 (% Cr2)

22 = 0,73 Standard Error = 24,0 Minutes

The equation indicates that at this zpplied stress l-vel the time to
failure or stréss corruvsion resistance is independent of molybdenum
content, linearly dependent upon silicon content, and cuadratically
dependent upon chromium content. For certain ompositions this equation --
is expressed graphically in Figures 59 and 40, Xeither the significance
nor the veason for the complex dependence of time to failure upoa Cr
coutent i» known., The increased time to failure at this stress level,
with incrsesiag silicoa content, is somewhat more upderstandable as
Csrter (12) has ehown that increasing Si comtent inm 4340 type steels
decreases the crack growth rate in Kygoe fosts. Ia agreement with the
current results, he also found that increasisg silicon did not influence
the Kygec threshr id stress intensity level even though it did decrease
the crack growth vate, This indicates that in 0.40 carbon, low alioy
marténsitic steels, composition can and does influence the rate of sub-
criticsl flaw growth under stress corrcsion cracking conditions even
though it does not influence the stress intensity level at which rapid
mechanical crack propagatioan begins. This stress intensity level at
wbich the zlowly moving crack reaches a critical leagth under SCC
conditions and rapid mechanical crack propagatiorn begins is known to be
higner than the Kyc value for the alloy in these types of steels

(12.13), therefore, irdicating that some type of crack blunting mechanism
is operztive. in steels at these ultra-high strength levels, the extent
of subcriticsl slow crack srowth is relatively short in terms of both
time and crack length; therefore, nmot much reliance can be placed on
finding & subcritical flaw dusing periodic inspections and, hence, the
decreased crack gruwth rate with increasing silicon content is of no
practical impcrt. For comparison purposes, the EISCC value of 300 M
steel (VIM Heat Z449) was determined to be 13 ksi /in., (Figuve 61).

The increase in strength level from about 286 ksi for 30C M steel to about
315 ksi for the experimental Ni-Cr-Mo-Si-V msrtensitic sceels, therefore,
has not produced s degradatior iz stre3s3 covrosion cracking resistance,

A more detailed comparison of the Kygep values of these experimental low
alloy marzensitic high strength steels with Risge‘valueg of several
commercial high strength steels will be madp i ths figal section of this
report.
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As tke fatigue testing portion of this programz included the fatigue
testing of bainitin steels as well as marteasitic steele it was 3ecided
to determine the Ejsge values of an experdmental bainitic steel in both
the VI and VAR conditions. The stress corrosion behavicr of mediua
21y hainitic stesi 2411 and the same compesition iam the VAR condition
{Heat 3888800) {compositions listed in Table IY are shown in Figures
&2 and 63, The t;scc value of this medisw alioy baimitic steel is seen
to e independent of wmelting p”tctice. ¥hife the xiscc value of
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i3 ksi /in, sesms Auite low for & bainitic microstructure, the carbon
content of this steel s relatively high (about 0.30% carbon) ard

it is felt thst if this same composition vway heab treateé o 5
maxtensitic micrestructure the Kysce value “ould be lower than 13 kei /in.

From sr alloy development standpoint it wae 4isappointiang to find chat
the basic stress coryssion regisiance of low alloy wartensitic steels

was independent of the variatisns ia 854, Ur, end Mo ¢ontents, thereby
closing the dosr on one more possipnie avenu: of improving the stress
corrosion resistance of low alloy martensitic steels from & compositienal
point of view, It was &zlsc dissppointing to learn thst lowering th2
levels of phosphorous ané sulfur down ts .0037% P and .0G2% § did not pro-
vide any enhancement in Kygep for either bsinitic or martensitic uitrs-
high strength steels, Pexton hez lavestigated the cffect of zewerzl
impurities at different impuricy levels on rhe stress corrssioa cracking
resistance of 300 gqrad: msraging steel nnd demenstrated that imsurity
levele had iittle effect on Xrgoe valuzs with the toral rauge 3f Rysce
values vazying irsm 7 to 15 ksi /in, (14). This work or the influence
of impurities on the stress corrosion resistance of 189% Wi maraging steel
has rece=tiy been verified on & commercizl scsle by the evsiuation of 2
high puviiv 18% Ni (360) {5-ton hest, .003% I, .QOI% N, .304Z S5, .002% ®
msraging steel forging where the Kygcr level was determined &9 be

7 ksi /in, (18). Thus, from sn impurity level stanmdpoint, it appeard
that the stress corrgsion cracking resistance camnot be improved foy
eisher the 187 Hi maraging steels or tie low slloy martemgitic or beinitie
stesgls. From s microftructaral point of view, bainitic structures have
greaster strags cnrrosion cracking zcsistance than martensitic stfractures;
howaver, &t strength levels sbove 300 ksi, the strength-toughness
relatisaships of bainitic steeis sre nc longer attrsctive sa was demon-
strated earisier in this report. The influence of grain refinement ass
been studied for 4340 steel and it was found that Kygep values ranged
from 14-16 kol /in. independent of prior sustenite grais rize varistionc
from ASTM 7 to 12 (16). 1t waa cbserved, however, that the crack growth
raetes decreased with decressing srior-zustenite grain 2ize. From 2
compogitional standpoint, the only work to dste sn low alloy martensitic
steels which has shoum thai stress ~orrosion crasking resistance can - be
improved by alleying is the work of Sandoz which demenstisted that

Kzgee ineresses for decressing C and Mn levels in 4240 rype steels (17).
These steels, however, were heat trested te s rolavively low strengsh
levzl (about 170 te 195 kai yield atrength) and it is nst clezr that

the ssme compoeitionsl dependence would be cbmaxved at atrength lsvels
near 300 ksi.

It sppears, therefore, thst 8% strength levels in the neighborkesd of
300,000 psi, low alloy steele have greater stresE coxroseien cracking
resistznce than 18% Ni marasging steels; however, these levala of
resistance are not ipnherently high and appear to be largaly iadepecdent
of compositionsl, microstzuctursl, snd impurity varisbies. Thus,
metallurgical means for improviag the inherent styess corrosien :racking
rvesistance of ultra-high stxength steels is not immedistely sppaxent

gnd, *herefore, the present mesns of succzssful utilizatisa-of cteels a2t
thege strength levele asuch as shot pesning, cedmivs-platisg, 2ad psinticg
will continue to be necessary for the forzseesgbls fTuturs, - ;
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c, ?roceasingVStudies

The processging studies include the investigation of the effects of
three diffsvent melting pracrices; electroslag remelting, vacuum
induction melting, arnd vacuum arc remelting on strength end toughness,
and tension-tension fatigue properties. 1In addition thze effect of
thierms l-mechanical treatments on the mechanical properties of both
bainitic and msrtensitic steels was investigated,

-

i, Influence of Melting Practice on Strength and Toughness Properries

The influence of melti -, practice o1 mechanicsl properties was in-
vegtigated for 3 L ..loy bainitic steel, 2z medium slley bainitic
steel, and a lov niloy martensitic steel, The three experimental
#lloys were seiected from the preliminary slioy development
repults end vacuum inductlion melted (VIM), electroslag remelted
{ESE}, and vacuum syc remelited {VAR) to the lowest possible levels
of impurities. The compositions of these three alloye do not
necessarily represzat the eoptipum composition in each zlloy systenm,
as the compozitiong hud to be gslected early in the program in
order to be processed by the different melting prectices. The
somposi tions of the three experimental steels with the three different -
meiting practices are presented in Tsble I, The low slloy bainitic
steel wag pot vacuum arc remeliled., The VIM heats (2409, 2411, 2412) -
were melted as 50 1b ingots. The ESR aeats (C229, C23), C231) were
initially 2ir induction meited ss 83 1b iugots, forged to 2-5/8~iach
dismeter rounds, #nd electrosisg remelted by Mellon Institute, The N
VAR heats (3838800, 3880308, JEBRE1l) vere melted

iniriclly at our Centrsl Alley District (Canton, Chio) as 350 1b %
electric furnace hests using & standard double slag practice and

poured ioto 9-inch dizmetewy elegctrode ingot wolds, These electrude
ingots were then conditioned snd consumshle vacuum &3¢ remelted.

The mechanicsl properties of these glley melted by ¥IM, ESR, und

VAR techn®ques are compared ia Tahle XV, The VIM and VAR low alloy
martensitic slloys hsve essentisliy the same strength and toughness
properties; howevexr, the ILSR material (Heat C229) nas high side
streagth properties and low side toughpess praoperties due to & high
gide carbon coantent of 0,44 percent, Metsllographic examinstion of
specimens from Heats 2409, €229, od 388&808 revealed that there
were no gignificent differences iu the degcee of micreclesnliness of
these three steels, and that all three were very clean. The low

Kyc and percent reducticn in 2ysas values for ESR Hest (€229 carmot be
totally explained by the higher carbon content, and &z i he xlloy
sppesred to have a hkigh degree of microcleaniinesz, the low Rpp end
% R.A. values sre moet probably due to the locaiized. segregation of
aon-metsilic inclusions. E£lectron metailographic examinetion of
extraction replicas froa the fracture suxfaces of the Tengiie semples
of the ESR C229 alloy revealed that an unusuzslly larxe amumbzx of
hoth globular and angulsr particles were presenr of the fsuatyre
surface., Electron diffrsction snalysis of thuse particles tengetivaly
identificd che globular particlas ss 3102 and the anguisr pariicies
as Cahlz0,. This localized serregation conditinm is moat pzohabiy
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due to the problems encountered during the electroslag remeiting of
this heat as previously described in the section on Materisls and
Procedures, The three medium slloy bainitic steels (2411, €230,
3828800) have essentially the ssme strength properties, with tne VAR
hest having the highest leve¢l of fracture toughness and the ESR

heat the lowest level of frecture toughness. The two low zlloy
bainitic heats both have high strength levels for 2 bainitic micro-
structure; however, the fracture toughness level of both the VIM and
ESR msterials is quite low,

Influence of Melting Practice on Fatigue Properties

Ag fatigue strength is one of the most importsnt design parameters
for the successful utilization of ultra-high strength steels for
landing gears, an extensive fatigue study was conducted, The
influence of composition, microstructure, and melting practice on

the tension-tension fatigue properties of various experimentsl steels
was investigsted. Roth notched and unnotched fatigue tests were con-
ducted at an R velue (ratio of minimum streas to msximum stress) of
+0, 10.

UNNGTCH FATIGUE TESTS

The maximum stresz versus cycles to failure (S-N) curves for the
three VIM steels arz shown in Figures 54, 65, and 66 and the compari-
son S-N curves for the ESR allicys are shown in Figurzes 67, 68, and
69, With the exception of ailoy 2412, the degree of scatter in the
fatigue data is typical and not excesaively large for specialty
ultra-high strength steels, The reason for the unusually- high
number of thread failures in alioy 2412, Figure 66 is not known.
The fatigue behavior of the low alloy martensitic steel produced by
vacuum arc reuelting (Heat 3888811) is shown in Figure 70, The
fatigue behavior of the medium alloy bainitic steel produced by
vacuum arc remelting (Heat 3888800) is shown in Figure 71,

The influence of melting practice on the fetigue strengths of these
three slloys is illustrated in Figures 72, 73, and 74. The fatigue
behsvioxr of the low a2lloy marteneitic steels illustrated in Figure

72 demonstrates that the VAR materisl had the highest fatiguve
atrengths, and that the VIM materizl had the lowest fstigue strengths.
The compsrigson S-N curves for the medium siloy bainitic ateels

{¥Figure 73) reveal that the ESR materisl had the highest fatigue
strengths and that the ViM hazd the lowest fatigue strengths. The
comperison S-N curves for the low slloy bainitic steels again
demonstyste thgt the ESR material had superior fatigue Mife

compsred to the YIM material., The low alloy bainitic steel composi-
tion waz not vacuum arc remelted, As melting practice has been shown
to tave & pronounced influence on fatigue proparties for a given
compasition and strength level, & quantitative anslysis of the
inciusion contents was performed; It is well known that if environ-
mental effectz are eliminated the two primary factors-contwolling

the fsztigue behsvior of high 3trength steels are strength level and
inclusion content, Xt will be mentioned later that micTostructure
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due to the problems encountered during the electroslag remelting of
this heat as previously desgcribed in the section on Materials and
Procedures. The three medium &lloy bainitic steels (2411, €230,
38388800) have essentially the ssme strength properties, with the VAR
heat having the highest level of fracture toughness end the ESR

heat the lowest level of frecture toughness., The two low clloy
bainitic heats both have high strength levels for a bainitic micro-
astructure; however, the fracture toughness level of both the VIM and
ESR materials is quite low.

Influence of Meliting Practice on Fatigue Properties

Ag fatigue streagth is one of the most importsant design parameters
for the successful utilization of ultra-high streagth steels for
landing gears, sn extensive fatigue study was conducted, The
influence of composition, microstructure, and meiting practice on

the tension-tension fatigue properties of various experimental steels
was investigated. Both notched and unnotched fatigue tests were con-
ducted at an R value (ratio of mipnimum stress to maximum stress) of
+0, 10.

UNNGTCH FATIGUE TESTS

The maximum stresz versus cycles to failure (S-N) curves for the
three VIM steels arz shown in Figures 54, 65, and 66 and the compari-
gon S-N curves for the ESR alloys are shown in Pigureg 67, 68, and
69. With the exception of ailoy 2412, the degree of scatter in the
fatigue data is typical and not excessively large for specialty
ultra-high strength steels. The reason for the unususlly-high
numbexr of thread failures in alioy 2412, Figure 66 is not known.
The fatigue behavior of the low alloy martensitic steel produced by
vacuum arc reuelting (Heat 3888811) is shown in Figure 70. The
fatigue behavior of the medium alloy bainitic steel produced by
vacuum arc remelting (Heat 3888800) iz shown in Figure 71,

The influence of melting practice on *he fatigue strengths of these
three slloys is illustrated in Figures 72, 73, and 74. The fatigue
behavioxr of the low 2lloy martensitic steels illustrated in PFigure

72 demonstrates that the VAR material had the highest fatigue
astrengths, and that the VIM material had the lowest fstigue strengths.
The compsrigon S-N curves for the medium alloy bainitic ateels
{Figure 73) revesal that the ESR materisl had the highest fatigue
strengths snd that the ViM had the lowest fatigue strengths. The
copperison S-N curves for the low slloy bainitic steels again
demonstrate that the ESR material had superior fatigue life

compared to the YIM material. The low alloy bainitic steel composi-
tion was not vacuum arc remelted., As melting practice has been shown
to Lave & pronounced influence on fatigue proparties for a given
compogition and strength level, & quantitative anslysis of the
inclusion contents was performed, It is well known that if environ-
mental effects are eliminated the two primary factors-éontwolling

the fatigue behsvior of high 3trength steels are strength level gnd
inclusion coatert., Xt will be mentioned later that micTostructure
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also plays a role in affecting fatigue strength, but it is a
secondary role compared to inclusion content, It ncw has been well
demonstrated that the size, number, shape, and location of inclusions
has a pronounced influence on the fatigue properties of steel (18,
19, 20, 21, 22, 23, 24, 25, 26, 2/, 28). Oxides and silicates in
particular have been found to be mest deleterious (20, 22, 24-27),
while sulfides have generally been found to have little harmful
effect on fatigue properties (18, 20, 24, 26, 27). For this study,
as compesition and strength level were held essentially constant for
a given alloy system, it seemed most likely that the fatigue behavior
as influenced by melting practice could most likely be explained by
variations in inclusion contents, size, shape or distribution.
Standard metallographic exsmination for microcleanliness for all six
alloys (shown in Figures 72, 73, and 74) was perfcrmed and no
apparent differences were observed. All six heats were very clean.
Alloys 2411, C230, and 3888800 of the medium alloy bainitic steel
series were selected for detailed quantitative analysis., The
quantitative asnalysis was performed on an AMEDA instrument which is
snr Automatic Microscopic Electronic Data Accumulstor manufactured by
Femco Corporation of Irwin, Pennsylvania., The AMEDA was used to
determine total volume percentage of inclusions for all inclusion
types. The AMEDA aiso was used to determine the size distributioa of
sulfide inclusions, but these dats were not correlatable to fatigue
strength data as sulfides are not responsible for the initiation of
fatigue cracks. Unfortunately from an anzlysis standpoint the oxide
inclusions were toc small in these vacuum melted snd ESR steels for
size distribution data to be determined on the AMEDA, Point counting
was used in a few selected instances to verify the volume percent
numbers being determined on the AMEDA. Poinf counting was performed
at a magnification of 320X, using 125 fields per specimen, with an
eye piece containing a grid with 81 intersections,
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The vojume percent inclusion data obtained on both the AMEDA SN oS
instrument and by point counting for the VIM, ESR, and VAR medium -
alloy bainitic steels are shown in Table XVI. Initially the volume
percent measurements were determined on longitudinal sections of the
threaded grip end of the failed fatigue specimen. These data reveal
that the VAR alloy 3888800 has by far the lowest level of inclusioms, =
and thet the VIM melted alloy 2411 has the next highest volume ' i
percextage and the ESR alloy €230 has the highest level of inclusion
content., The volume percent inclusions determined by point counting
reveal the same oxder of rating the three alloys in terms of micro-
cleanliness. Unfortunately these velume percent inclusion numbers
do not correlate with the rating of the fatigue stxengths as shown
in Figure 73. The ESR alloy €230 had the highest fatigue strength
but it alsc had the highest voluma percent of inclusions. A4s these
dats were not correlateable £t was thought that eounting the
inclusion cont2nts adjacent to the fracture surface would be more
meaningful than ccunting them in t¢iie threeded grip region of the
specimen. The volume percent inclucion data obtained near the
fracture surface region of the specimen revesl that the VIM and ESR
materizls have about the same percentage of inclusions and that agsin - E
the VAR matesial has & significantly lower percentage of inclusions. s
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these deta, Lowever, also do noi explain the relative fatigue
strengths of -h: thrce alloye. The reason for the lack 0f correla-
tion between the vriume percent inclusion measurements and the
fatigue strengtns of the three alloys is thought to be duz to the
relatively small volume percentage of inclusions for all :hree
alioys, Because £i) three heats were really quite clean it is felt
that the inclusion size and distribution st the region of initistion
of the first frtizue crack is s very locelized situstion which is
not accurately represented by an average volume percentage of
inclusions. It is felt that the factor which most probably controls
the fatigus life of these very cleasn stecls is the size or orientation
of the oxide or siiicate inclusion located in the maximum stress
region of the fatigue specimen. Unfortunately, experimentslly
verifying this belicf was not possible., Fstigue studies by Johnson
and Sewel! (20) and Murray and Johnson (27) support this argument

by demonstrating that for the same total number of inclusions (in
clean steels) the Zstigue life varied over a considcrable range.

A limited number of transverse fatigue teasts were performed, A
detailed study of transverse fatigue propertiss was uot conducted
becauge it was believed that the degree of anisotropy exhibited by
1/2-inch thick plate would have littie relevance tc the degree of
anisotropy usually found in forgings or forging billet stock, The
transverse fatigue properties were determined on the low alloy
martensitic stwel composition in both the VIM and ESR conditions,

The longitudinuai and transverse fatigue properties of VIM alloy 2351
are precunted in Figures 75 and 76, and compared in Pigure 77, Al loy
2351 18 an additional heat of the same nominal composition as Heat 2409
2nd the composition is listed in Table I. As shown in Figure 77 a
normal amount of anisotropy was cbserved with the 107 eycle fatiguo
strength decreasing from 170 ksi for tho -longitudinal direction to
140 kel for the transverse dixection., Similer data axe presented :n
Figures 78 end 79 for the ESR low alloy martensitic composition.

in this case the cbserved anisotropy ie minimal with the transvers:
fatigue atrengths nearly equaling the longitudinal strengths.
Metallographic examination for inclusion contents, sigze and distri-
bution did not prcvide an explanation for the different degree of
anisotropy between the VIM and ESR materiale.

The unnotched fatigue properties of laboratory produced 300 M steel
(VIM hec: 2449) are presented in Figure 80, A 107 cycle fatigue
strength of about 175,000 psi was obtained., The fatigue vroperties

of the two VAR steeis, medium alloy bainitic steel 3888800, and low
alloy martensitic steel 3888811, are compared in Figure 81, It can

be seen that the fatigue atrengths of the bainitic steel ave slightly
_greater than those of the mortensitic steel. Further ccamparison ol the
fatigue properties of bainitically hest treated steels .s_made

by the data presented in Table XVII which compares the 10’ eycl
fatiguo strength to ultimate tensile strength vatio (FPetigue Rat o)
of the experimental steels in this progrem to the Fatigue Ratios of
several conmercisl ultra~-high strength steels, As fatigae stren;ths
increase significantly with fncreasing R values these comparisons
are only made for tension-tension fatigue tests with an Kk value ¢ ¢
either +0.06 or +0.10. Concerring the experirantal slloy-
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of this investigation it can be seen that the bainitic steels
generally hav- + much higher Fatigue Ratio than the marteusitic
steels, Although the reason for the locwer fatigue sfrength and
Fatigue Ratio of VIM bainitic alloy Z41l is not xnown, it is felt
thst the fatigue properties of this heat are not representstivz of
the ailoy. This can be seen by comparing the Fatigne Ratios of the
same composition in the VAR ceondition (Heat 3888800) and the ESR
condition (Heat C230). The 107 cycle fatigue strengths of about
200,000 psi for bainitic steels VAR 388880G, and ESR C230 and CZ31
are noted to be considerably superior to these ohtained on the
commercially available martensitic steels guck ag 4340, 330 M and

18 Ni maraging. Othor investigaterz have also demenstrsted that the
fatigue properties of lower bainite structures sre superior tc those
of tempered martensite (33). It can also be seen from the
information in Table XVII that the Fatigue Ratioz ef the experimental
martensitic steels are quite commendable,

P 7o VR

ROTCH PATIGUE TESTS

The notch fatigue strengths of two experimental stesels are shown irc
Figures 82, 83, and 84. Notch fstigue tests were only performed on
the VAR steels a3 there was insufficient piste materiai to obtain
both unnotched and notched fatigue specimens £rom the VIM and ESR
heats, The comparison S-N cuzrves shown in Figure 84 reveal that the
notch fatigue streagths of these two alioys come tegethas to a common -
value cf about 80,000 psi at 107 cycles, This is & commoniy chaerzed -
bebavior, that whilc there may be differences in fatigue propertiea --
between alloys at Ky = 1, the notch fatigue properties of different

;h strength steels tend to be very similar, At similar R vslues che

cycle aoteh fatigue strengths of 36,000 psi for alloys 3888800

and 3888811 compare to a value of 60,000 psi for 300 M steel (30)
and 40,000 psi for high-purity 18 Ni maraging steel (15;.
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Thermal-Mechanical Working Treatr.ents
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An investigation was conducted to determine the effects of deformation

of an annealed ferrite-carbide matrix, upon the mechanical properties of a

subsequantly conventionally heat treated low alloy msrtensitic snd bainitic

steel. The genesis of this work was the work of Webster (34) which

! demonstrated that the deformstion of ap annealed or tempered
martensitic structure for both AFC-77, a martensitic stainless steei,
and 300 M steel, produced microscopie veids <t tue carbide~-matrix
interfaces, and that these veidgs were matastacle in sustenite 2t high
temparatures and resulted in considerable refinewent of austenite
grain size by ecting as barriers to grsin growth, A series of thermal-
mechanical treatmerts were given to commercial 300 M steel, an
experimentsl low alloy martemsitic steel, and an experimental low
2lloy bainitic steel in order to effect refinement of the prior sus-
tenite grain size snd subsequent mechanical properties,

. The first matezisl investigated was commercial 300 M steel, which
‘ was processed by the follcwing six thiermsl-mechanical treatments:
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&. Spheroidize anneal and deform 50% at 1200 ¥ at the completion
! cf the annealing cycle.

b. Sphercvidize anneal, cool to room temperature and defor: 50%.

¢, Spheroidize anneal, cool to room temperature, hest to 1200 P
and deform 50%.

d. Temper quenched material at 1200 F and deform 50% at 1200 F.

e. Temper quenched material st 1200 F, cool to room temperature
and deform 50%.

f. Temper quenched materisl at 1200 F, cool tc room temperature,
- heat to 800 F and deform S0%.

The 300 M esteel processed as shown sbove was austenitized at various
temperatures and examined metallographically to determine prior
{, austenite grain size. These results are shown in Table XVIYI, The
: dita indicete that sustenitization must take place a: least 50 F
below the conventicnal austenitizing temperature of 1375 to 1600 F
in order for significant grain refinement to teke place. The
hardness data on the oil quenched samples indicate that apperently
all cerbides are dissolved at temperatures as lov as 1475 F.
Material processed by each of the six processes was then gusteniti-
zed for 1/2 hour at 1475 and 1525 P, oil quenched and tempered
for 2 + 2 hrs at 600 F. The resulting tensile and Charpy impact
properties are shown in Table XIX. For both the spheroidized
annealed and tempered martensitic structures relling at 1200 P
versus rolling at room temperature did not significantly effect
either stxength or toughness properties, For s given deforuation
treatment the spheroidirzed microstructures produced & finer grain
size than the tempered martensite microstructures.

P

P
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Comparing the mechanical properties of the conventioenally
austenitized, quenched snd tempered 300 M steel to these of the
grain refined thermsl-mechanically processed 300 M steel it can be
seen that the yield and tensile strengths were increased generally
by 3 to 6%; that the reduction in ares values decreaced by 9 to
30%; that the elongation values decresaed by 8 to 257, and that _
the Charpy impact energy values varied irregularly £:-om an incresse
of 5% to a decrease of 30X. These results indicate that the re-
duction in pricr austenite grain size from ahout ASTH number 9 to
ASTM number 13, for 300 M steel, as 2 result oi these thermal-
mechanicel treatments is not warranted from a mechanical property
standpoint,

oy

The experimental low alloy martensitic steel (Alloy 2350 with the
same nominal composition as Alloys Z409 and ZAS) was processed
with the fellowing thermal-ma2chanical tresztment cycles:

r H

a. Spheroidize annesl and deform 50% by rolling at 1100 ¥ at the
completion of the annealing cycle snd air cool :fter relling,

27
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- therzal~-mechanicel trestwen

b. Spheroidize anneal, air cool to room temperature, heat to 1100 P
and deform 50%; air cool,

c. Austenitize, oll quench, tempsr at 1200 F, deform S50%Z et 1200 F;
air cool.

d. Austenitize, oil quench, temper st 1208 F. sirx cool to room
temperature, heat to 800 F sud deform 38%; sir cool,
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In oxder to determine if a kainitiz st
different fsshion to grain refisemsnt
steel Z412 received the follawing preces

&. sSpheroidize anneal snd deform 50% by relliing st 1360 ¥ at the
completion of the annealing cycle and air cesl railis;

b. Spheroidize anneal, sir ceol to reom temperature, heat ts 1280 ¥
and deferm 50%; air cosl,

c. Austenitize, oil quench, temper at 1200 F, deform 50% a2t 1200 ¥,
and air cool,

After processing as shown above, the material wzs sustenitized st

two different tempersturea (160Q F and 1650 P} and then isctheimally
transformed at 475 F for six hours to a fully bainitic structuse,

The resulting tensile and Charxpy impact properties are presented in
Table XXII. For all three processing treatments the lower
austenitizing temperature preduced a f£irer grain size wkich resulted
in an increase in yield atrength., It did not significantly affect
any of the other tensile propertieg. There seemed to be some tremd,
but perhaps not & gignificant one, of decreasing Charpy impact
toughnese with increased yield strength and finer grsin sise producad
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‘ by the lower sustenitizing tempe” ‘ture, For a givea sustenitizing
! temperature there did not seem to be any significant cdifference in
mechanical properties as & function of the thermal-mechanical
process, nor was there any significant difference when compared to
the conventionglly heat treated bainitic material, A Hsll-Petch
plot of the yield strength and grain size data is shown in Pigure 85
along with the data for the martensitic steels, Least-square fit
1ines have been drawe through the dats points for each alloy and the
l dotted lines indicate the 90 percent confidence limits, It can be
seen that for the limited range of grain sizes obtained, that grain
refinement had a greater effect in iacreasing yield strength for the
bainitic steel than for the martensitic steels. Grain refinement
appears to be an ineffective means of strengthening medium carbon
martensitic steels, In addition toughness properties are not
significantly changed and, ss was mentioned previgusly, it has been
shown that grain refinement does not improve the Kygec values for
4340 steel (16).
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IV, COMPARISON OF EXPERIMENTAL MARTENSITIC STEELS

preduced ult

e

~-high strength steels,

§= : WITH COMMERCIAL HIGH STRENGTH STEELS
2

S
§ . The alloy development studies discussed previcusly in Section JII demonstrated
- thaet of the two bainitic alloy systems sund two martenaitic alloy systems
g 3 iz"eﬁt ted, the best strength and toughness properties were obtained on
= Pt 2iieys is the medium csrbon Ni-Cr-Mo-Si-V low alloy martersitic system. In
gi : addition the stress corrosion studies demonstrsted that the low alloy Ni-Cr~
- ¥e-51~¥ martensitic stesls had higher SCC resistant, Kygce, values than the
Ej; & besgt bainitic steel, It ig the puxpose of this section, therefore, to com-
§ H - pare the propevties of the lsboratoxry produced experimental Ni-Cr-Me-Si-V
g‘: msveenzitic steels with similar properties of currently used commercially
= N I
E

BI4HE-STRAIX FRACTURE TOUGHNESS

j
5
f

i

Thigk sestion isading gest components sre sufficziently large such that the

£ stress around most Llaws, if present, wuald be plane strgin., The
3 ceriitions, therefore, that would lead to brittle fracture will be determined
: hg c;aa'-at~ain Fractu:e toughness parsmeter, Kyg, A summary of the

ORI AT
/]

)

7

8 ¥i ma rsgzng steels at room temperature and -65 F are illustrated in
Pigures 86, and 87 respectively, To the extent that was possible all of the
Ky ¢ste used to comprise Figurea 86, and 87 were judged te he valid Kyp
dats, The Kjg dsta for 4340 steel were obtained from relerences (28, 35,
and 36). The dstd for H-1ll were obtained from xeferences (35, 3%, and 37).
The dsta for HP 9-4~435 sisel were obtained from references (37 and 38), for
300 M steel references (28, 37, 3%, and 15); for 18 Ni msraging steel

2 references (15, 37, 28, 40, and 41),.

v wodhrte  evanipentnd

e

o The room temperetu = fractura toughnoss dats shown in Figure 856, veveal the
! e usual trapd of cre.sing toughness with incressing strength level for asll
co steels. At the 260 to 280 kei strength levsl P 9-4-45 steel heat trested
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in the bainitic condition has the highest fracture toughness vslues, The
drawback of the KP 9-4-45 bainitic al;ay is that in thick sections the
highest strength that can be gusranteed is 260 ksi, The strengthn-toughness
relationships for the 18 Ni maraging steels sre seen to be very good,
however, the 18 Ni msraging steels have anot been used for aircrsft lsnding
gear components because of problems with thermal embrittiecent in thick
sectiens, low notch fatigue properties, and a low strain hswvdening exponent,
The other three steels, H-1l, 4340, snd 308 M have all been used in
production fer aircraft landing gear forginge snd, of course, the 300 M
alley is used extensively today in current zirersft., It can be seen from the
fracture toughness dats at beth temperatures (Figuzes 86 asad 873 thst the
strength-fracture toughness relationships for the new iow alloy Ni-Cr-Mo-Si-V
martensitic steels are considerably superior to the siremgth-toughress
relationships of 434G, H-11, and 300 H steels. It should be poted thst the
fracture toughness data on the experimental-laborstoxy msrtensitic gteels are
thought to be conservative or low side frz:ture tsughpess values. Qer
experience with both 300 M steel and the HY I¥i-4C0 steeis hag indicated thst
for the same composition the fracture toughnsss groperties obtained ok pro-
duction material, from large ingots using electric furnace air melt-~vacuwa
arc zemelt practice, are superior to thoge »btsined on small laboratory VIM
ingots, The fraciure toughness properties of thi sxperimental steels are,
therefore, expected to increase by 10 to 15 percaatr when determined from
production VAR material. The strength-toughness relatfonships in Figuzes 86
and 87 reveal that the strength level of the mew low siloy marteasitic steels
has been increased by about 25,000 pei (from sbout 280 ksi to 3i3 ksi) while
maintaining the same level of fracture toughness,

The crack propagation resistance of these steele can be vompsred in terms of
critical crack size rather than the absolute magaitude of ¥jo. Fracture
mechanics anslyses demonstrate that fracture will occur when

1 -
Ke= L.loV/Ec 75 &)

where:

G = gross srea applied stress

C = critical crack depth

Q = geometric flaw shape parametex -

In airframe design, the applied stress is oftex iimited to a fraction of
the material ultimate tensile strength (6y); i.2.,

¢ =foy €3

where f is a design parameter, Therefore, equation (1) can be writtea aa:

KIC = 1,1 £ G’p 1'C 7" (3)
or: 2
Q *1c .
C = I¢ ) (4)
1.21 gf4 ‘Up .
30
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The critical crack size is therefore proportial to (KIc/cu)z. Using the
room temperature ultimate tensile strengths and Kic values from Pigure 86,
the critical crack size parameter (KICIG#)Z was calculated and are compared
in Figure 88. This comparison of critical flaw size parameters reveals

that the new Ni-Cr-Mo-Si-V martensitic steels at a tensile strength level of
about 310 ksi have the same critical crack size as 300 M steel at 280 ksi,
4340 at 260 kei and H-11 at 240 ksi. 1In other words the new experimental
steels have the same flaw size tolerance as the commercial H-11, 4340, and
300 M steels at considerably L .gher strength levels.

CHARPY IMPACT DATA

The room temperature Charpy impact data for the new experimental martensitic
gteels are compared to similar data for commercial high strength steels in
Figure 83. There were insufficient CVN data on commercial steels at -65 F

7o mseke 8 comparison at this test temperature. All of the CYN data are

{rom longitudinally oriented specimens and the data for the commercial

steels were taken from references (15, 28, 38, and 42), The data ia Figure
89 revesl that a rather large degree of scatter exists for 300 M steel,
nowever, this is not unexpected as the Charpy impact test is kncsm to be sore
sengsitive to inclusion contents than the plane-strain fracture tougliness test.
The data also reveal that for a given strength level the Charpy impact

energy values for the 18 Ni maraging steels are rather low compared to 4340,
HP 9-4<45, and 300 M steels. This is now a ccomonly observed behavior that
while the 18 Ni marsaging steels heve high fracture toughness, they have re-
latively low CVN energy values, This characteristic of 18 Ni maraging ateels
is probably a result of the easc of plastic instability in this material.

It can be seen from Figure 8% that the strength-Charpy impact toughness
relationships of the new martensitic steels are significantly superior to all
of the commercisl steels,

STRESS CORROSION RESISTANCE

It is well konown that ultra-high strength steels are very susceptible to

stress corroesion cracking, To avoid stress corrosion cracking in ultra-high
atreagth lernding gesr componecrts ective treatments such as cadmium

plating and painting have been ap :d, dnr shot peening kas been used to
induce residual surfsce compressive stresscve in order to suppress crack
initiation. In recent years the SCC resistance of wvigh streagth materisls

has been deteramined by the use of fatigue cracked frxacture tougbness apecimens,
which have the two-fold advantage of reducing the inherent spprecilsb:ie sratter
incerred with the use of unnotched specimens, &#nd providing a SCC reaistance
parsmeter which is qugntitative and provides the possibility of uge in design,

The threshold stress iatensity values, Kygpe, for the Ni-Cr-Ho-Si-V maz-
tensitic steels are compared to the Xysce values for the commercisl high
strength steels in Pigure 30. The Kygec vaiues for the commercial stezls were
obtained from references (12, 15, 16, 43, 44, and 45). 7The data reveal that
in the gtrength level range of 260 to 280 ka2i, 4340, 309 M, and H-1l steelz
have Kjgeo values in the range of 10 to 20 ksi /in, At strength lsvels in

the vicirnity of 300 ksi, however, the maraging steels SCC resistance decteases
to Kygee vsives of 7 to 12 ksi /in. The new low alloy martensitic sreels at
much higher strength levels (298 to 332 ksi) have Kpgop values in the range
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of 16 to 19 ksi /in. The strength - SCC resistance relationships of the
rewly developed martensitic steels have, therefore, been improved compared
to both 18 Ni maraging and 4340, 300 M, and H-1l steels., Even with this im-
provement, however, these levels of SCC resi:-tsnce ave not inherently high
and therefove these steels will not be sble to be epplied from an engineering
reliat-ility standpoiut by weans of the fracture mechanics approach utilizing
the knowledge of the stress state, defect size and periodic nondestructive
inspzction techniques. These new ultra-hign strength low alloy steels will,
tr~ efore, have to be utilized in the same ranner that the present high
sireovgth steels have been so successfully utilized from a 5CC resistance
standpoint, by means of plsting, painting, and shot ~eening.

FATIGUE PROPERTIES

The compiete notch and uanctch fatigue properties of both experimental
bainitic and martensitic steels vere presented and discussed previously in
section C-2, 1Imn Pigure 31 the uanotch fatigue properties of tre Ni-Cr-Mo-8i-
V mavtensitic s.écls are compsved zo similar fatigue properties for several
commercial steels. All of the dars shown in Figure 91 are for tension-
tengsion fatigue tests at R values of either +0.06 or +0.10. The rather large
body of rotsting-team (R = -1.0} f=tigues data en high strength steels could
not be utilized for such a comparison, The fatigue data on the commercial
steels were obtained from references (15, 3¢, 31, 32, and 38). The comparison
reveals that the experimental wmartensitic steels bave considerably higher
fatigue sirengths tian the commercial steels. The experimental martensitic
steels demonstrated 107 cyc’e fatigue strengths in the range of 170 to 140
ksi while the commercial steels exhibited 107 cycle fatigue strengths in the
range of 90 *v 130 ksi. Bo’. groups of steels sees to have a :trend of
decreasing fatigue strength with increasing tensile strength level. This
effect has been observed previously (46), however, nmeither the reason or the
significance of this trend is understood at the present time. T is believed
that the reason the eoxperimental marteansitic steels have grveater fatigue
strengths than the commercisl steels iz a higher degree of miciocleanliness
in the experimental steels. Except as it effects temsile strergth level,
comgpogition is known to have little effect on fatigue properties of ultra-
high strength steels. This basic difference between the labor:tory produced
ateels and the commercially produced steels caa be seen by comparing the
fatigue strengths of laboratory produced 300 M steel versus conmercially
produced 300 M steel. It is snticipated, therefore, that the new low alloy
sartensitic steel when melited by commercial steelmaking practice, in large
ingot sizes, will have fatigue strengths im the range of 138 fo 159 ksi,

when tested under similar conditians,

V, SIMMARY ARD CONCLUSIORS

Exhaustive and detailed alloy development and processing isvestigations vere
conducted im order to develop a2n ultra-high strength steeci in the 3006 to 320
ksi ultimate tensile strength range, with improved fatigue streagth,
fracture toughness, and stress corrosion resistsnce for greater relisbility
in forged lending gesr components. Two bainitic siloy systems and two mar-
tensitic slloy systems were thoroughly investigsted in erdexr to develop the
best combination of mechsnical properties st tsusile strength izvels in
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excens of 300,600 pei. Of the feur alloy systems invastigated, steels from
the ilow alloy medium carbon Ni-Cr-Mo-8i-V marteasitic system developed the
best combination of fracture toughness, fatigue strength and atress
coryesion cracking resistance,

The stress gorrealon gt ~ .« lenonatrated that while lowering phosphorous
and sulfur levels ie beneficial to tcughness properties it has esseatially
no affect op SCC resistsnce, s indicated by the Kygoo parameter, for either
hig& strength hainitic or martensitfic steels, Similar atudies in lew glloy
saripnslitic steels dsmrrstrared thet variations in silicon, chromium, and
malvvévxuu a;% tificantly “zgecied ?13 i stregin fracture toughness properties,
whi iz Gaving o . The low alloy Ni-Cr-Mo-81-V steels
faad higher SCC T 3t mediuwm slloy bairitic steel,

The processing studies couducted on rwo bainitic alleys and cne martensitac
glioy vevealed that the vaviwum arc remelted scteels had the highest level of
fracture toughness, vhile the electrosliag remslted materials had the lowast
igvel. of frzetuce toughness with the vacuum induction melted meterial being
interwediate in toughnees properties, Ceonsidering the influence of melting
practice on fatigue properties, for the two beinitic steels the ESR material
had the hisvest fatigue strepgths, and the VIM material the lowest fetigue
sirengths, For the martensitic szteel the vsa material had the higbest fati-
gue st*eﬁgths foilowed b5 b2 ESR materisl and thep the VIM material., The
exgarimentai steels demounstrat aﬂ gmaoteh 187 cvc la fatigue streugthes in the
range oi 170,066 to 210,985 ps The poteh {Eg = 3.0) fatigse strengths of
the VAR baiﬁitlc stes} and th@ v&a martensizic steel were esaeatially the
sume (80,000 psi) sk 167 cycles. Thermsl-mechanical working treatmenis de-
monstrated that the styength and tfoushpess propesties of ultva-kigh strength
low #iloy martensitvic and baiuific ¢ 213 sxs 1itrle influesnced by rafinement
of the prior sustenite grain slze.

Comparisen with similar propertiss of purrently vsed and commercislly melted
wltza-high strength sreels, revealsd that the etrangth- ghaess properties
of the new fow alloy martensitic steels were gupevior o the sirepgth
toughness properties of the commercially produced stesls, Cemparison of the
threshold atress intensity (Kyggg) SCC resisiance parametey indicated that
the new martensitic steels had higher Xygpe values shaa the curvest
commercia] steslz at 8 ¢c silerably higher streagrh leval, The tensicn-
tengion (K = -9, 13} unnotch fatigue strengths at 157 eycies were in ine range
of 170 to 180 ksi for the newly developsd martensitic sieels compared t¢
80 o 130 si for the comwarcial steeld.
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From the alloy development and proceszing studies a new improved uslira-high
strength martensitic steel with a nominal composition of

c Mn P s si NL o Ho v

— ——— ——— — — -

0.40 0.35 <.010 <.010 2,25 1.8 5.80 0.25 0,22

has been developed. When heat treated by normeliziag, austenitizingz, il
quenching, refrigerating, and double temperirg at &00 F the alloy develeps
the following average longitudinal, room temperature properties based oo
laboratory sized heats:

U.T.5., ksi 211
Y.8., ksi 268
Elongation, % i2
Reduction of area, % : ¥
CVN, ft-1lbs 20
K1cs ksi /in. 60
Kysce: ksi /ia. 17
Axial fatigue strength at 167 cycles, Ky = 1, kst i70
Axiai fatigue strength at 107 cycles, K¢ = 3.0, ksi 80
34

Ay b

ooy parmm— P ——y Praron e

[~




Y ek 4
o vy .
H

r oy

REFERENCES

1. ‘"Tentative Method of Test for Plane-Strain Fracture Toughnress of
Metallic Materials”, 1970 Annual Book of ASTM Standards, Part 31,
July, 1970, p. 911,

et Pr—
. o :

s wrn e e B AR RSB 2EEY v

2, J. A. Kies, H. L. Smith, H. E. Romine, aad b. Bernstein, "Fracture
Testing of Weldments", Fracture Toughness Testing And Ite Applications,
ASTM STP-381, 1965, p. 328,

M '

R. 7. Hehemann, V. 3, Luhan, and A. K. Troiano, "The Influence of
Bainite on Mechanical Properties®, Trans. ASM, 49, 1957, p. 409,

Aty
»

vy

J S. Pascover, and S. J, Matas, "Relaticnships Between Structure and
Properties in the 9Ni-4Co Alloy System", ASTM STP-370, 1965.

fowre
&

D. W. Smith, ¥. Richardson, and E. ¥, Hehemsnn, Phase Transtformations
and Structure-Property Relationships, Progress Report to O0ffice of
Raval Research, July, 1968, Contract Ko. ORK Ne. NOC14-87-4-0404-0001.

“ [ s ti
[« (&)
» .

A. R. Elsea, B. J. Borone, and W, R. Warke, United States Patent
Ho. 3,293,028, bec. 20, 1966,

7. 4S¥ Metals Handbook, 8th Rditica, Vol. 1, 1961, p. 637.

8. P, M. Kelly, and X, Nutting, "The Morphology of Martemsite", JISI, 197,
- ¥March, 1961, p. 199.

- : 9. ~, K. Das, and G. Thomas, "Structure and Mechanical Properties of
Fe-Ni-Co-C Steels", Trans. ASM, 62, 1969, p. 45.

10, P. M. Helly, aad J. Nutting, "The Martensite Transformation in Carbor
Steels™, Proc. Roy. Soc., A, 259, 196G, b. 45.

L B RV VO

. £

i li 11, W. P. Brown, Jr., and J. E, Srawley, “Commentary on Present Practice",
Review of Devaivpments in Plane Strain Fracture Toughmess Testirg,
AST™ STP-463, 1970, p. 216,

E: 12, . 8. Certer, "The Effect of Silicon on the Stress Corrosior
Resisrence of Low Alloy, High Strength Steecls", Corrosion-%AGE,
zg Octobax, 1969, Voli. 25, No. 10, pp. 423-431,

WE P gAMb, (B8 (S

. 13. C. 8. Carter, "Crack Extension in Several High Strengts 3teels Losaded
i e in 3.5% Sodium Chloride Solution", Roeing Document D5-19770, 1967
{available from Defenmse Documentation Center).

-

14, A, 3, Stavres and H., W. Paxton, "Stress-Corrosion Cracking Behavier of
an 18 Pct Ni Maraging Stesl", Met. Tranms., Voi., 1, No. 11, Rovewmbe:
1976, pp. 3049-3055.

-
¢

————

[ . '




Mgenk o L

16.

17.

18,

19.

20.

21,

22,

23,

24.

27.

C. S. Carter, "Evaluat’on of a High-Purity 18% Ni (300) Maraging Steeil
Forging, AFPML-IR-70-139, June, 1970, Air Foxce Materials Laberatery,
Wright-Patteraon Air Force Base,

R. P. M, Procter and H. W, Paxton, '"The Effect of Pricr-Ausfenite Grain
Size on the Stress-Corrosfon Cracking Susceptibility of 2ISI 4346
Steel", ASM Trans. Quart.,, 62, December, 1969, 983.

G, Sardoz, ARPA Coupling Program on Stress-Corrosisn Crecking (Thirteesth
Quartexly Report), NRL Memorandum Report 2101 Maxzch, 1370,

Robert F, Thonmson, "Fatigue Behavior of High-Carbea Bigh-Hardness Steels,
ASM Trans, Vol, 56, 1963, pp. 803-833.

M. Atkinson, "The Ianfluence of Non-Metallic Imciusions on rthe Fatigue
Properties of Ultra-High-Tensile Steels, Journal of the Iron apnd Steel
Institute, Vel, 195, May, 1960, pp. 64-75.

R, P, Johnson and J. F, Sewell, "The Bearing Properties of 1% C-Cr Stsel
as Influeaced by Steelmaking Practice", Jourszal of the Iron and Steel
Institute, Vol, 196, December, 19690, pp. &14-4%a,

William C, Stewart and W, Lee Williamz, "Effscts of Incluaicas oz the
Endurznce Properties of Steels", Jourrnal of the Americar Society cf Naval
Engineers, Vol. 68, 1948, pp. 475-504,

H. N. Cummings, F, B, Stulen, snd W. ¢, Schulte, “Tentative Fatigue
Strength Reduction Factors for Silicszte-Tyge Inclusions in High-Strength
Steels”, Proceedings of the ASTM, Vol, 58, 1958, zp. 504-514.

H. N, Cummings, F. B, Stulzn, and W. ;, Schultve, "Relstieon of Inclusions
to the Feligue Properties of SAE 4340 Steel®™, ASM Trans,, Vol. 49,
1957, pp. 482-516, )

Roland Kiessling, "The Influence cf Non-Meteiiic Inclusions on the
Properties of Steeli’, Journal of Metsls, Yoi., 22, Ho. 12, October,
1969, pp. 48-54.

W. E., Duckworth and E, Ineson, *The Effects of Extersnally introduced
Alumina Particles on the Patigre Life of Ba 24 Sieel", The Iron and Steel
Institute Special Report 77, 1363, pp. 87-103,

L. 0. Uhrus, "Through<Rardening Steels fwr Bsil Bearings-Effect of
Inclusions on Endurance", The Iron and Stee: Inastitute Special Report
77, 1963, pp. 104-10%,

J. D. Murray and R, P, Johuson, "The Rffect of Inclusions on the
Properties of 1% C-Cr Bearing Steels”, The Iroa and Steel Institute
Specisl Report 77, 1963, pp. 110-118.

36

o e med ;o

e
i

Ty,

I M o e




vy

e o s ane o SOV OSTATIR WET S ST SR Rt e R RO

SR R

=

i

ARV

Sy ik

- Ay

- -

e ey et Al BRI MR peiey RN

Yo
Yoo mm

e e, SM.\

irten

’- (. \-.!

“

u.—--.,

32,

33.

37.

38.

3s.

40.

J. J. Bauser, and M. G, H., Wells, "Inclusions in High Strength Steels,
Their Dependence on Processing Vsriables and Their Effect on Engineering
Properties", AFtl-TR~69-339, February, 1970, Air Force Materizls
Laboratory, Wright-Patterson Air Force Rase,

_ Metellic Materials and Elements for Aerospace Vehicle Structures,

MIl-HORK-54, February 8, 1966,

C, L. Harmsworth, "Low (ycle Fatigue Zvaluation of Titanium 6A1-6V-2Sh
and 300 X Steel for Ianding Gear Appiications", APML-TR-69-48,

June, 1969, 2ir Force Hateris.s Lsboratory, Wright-Patterson Air Force
Base,

R, L. Jones and F, G. Noxdquist, "An Evaluation.cf High-Strength Steel
Forgings', RID-TDR-53-4030, May, 1964, Air Porce Materials Laboratory,
Wright-Patterson Ailr Porce Base,

T. P. Sroeneveld, R, C. Simon, and D. P. Moon, “High attength Steel
ON:-405", DMIC Processes and Propsrties Handbook, 1989,

F. Borik, and R. D, Chapmzn, "The Effect of Microstructure on the -
Fatigue Strength of s High Carbon Steel”, Trans. ASM, 53, 1961, p. 447.

Donald Hebster, "The Effect of Deformation Voids on Austenite Grain
Growth in Steels', Trans. ASM, 62, Jume, 1969, p, 470.

B. A, Steigerwald, "Plane Strsias Fracture Toughness for Handbook
Presentation", AFML-TH-$7-187, July, 1957, Air Force Matarials
iaboratery, Wright-Patterson Air Force Kase.

E. T. Wessel, W, G, Clark, ard W, K, Wilson, "Engineering Metheds for
Design and Selection of Materials Agarast Fractuxe", Contract
DA-30-067-AMC-602(T), Westinghouse Resesrch laborateries Report, 1966.

D. P. Bulleck, T, W. Bichenberger, snd J. L. Guctrie, "Bvaluation of
the Mechgnical Properties of SFi-4Co Steel Forzings", AFMI-TR-~68-57,
Air Force Hateviasls Lsbhorstory, Wrignt-Patterera Alr Force Base.

J. Wolf, and W, P, Brown, Jr., 4erospace Structural Metals Handbeok,
Vol, 1, Ferzousz Alleys, 1370, AFMI~-TR-68-115, Air Force Materisls
Labaratory, Wright-Pattexson Air Ferce Base.

3. L. Pendleberry, "Fracture-Tougzhness and Grack-Prepagaticn Properties
of Several High Strength Steels for Aircraft Structurve", psper
presented at ALAA/ASME 1llth Structures, Structural Dwnsmics, and Materials
Coaference, Deaver, Aprii, 1970.

I, Perlmutter, and V. Deflerre, "Steels for Selid-Propellant Rocket-
Motor Cases", ARMI~TR-64-53%, January, 1965, Air Force Materials
Lsboratory, Wright-Pattarson Alxr Force Base,




o SpARSCEY P Y o+

41,

42,

43.

A. F. Hoenie et al., "Determination of Mechanical Property Design
Values for 18NiCoMo 250 and 300 Grade Maraging Steels', AFML~TR-65-197,

July, 1965, Air Force Materiasls Laboratory, Wright-Pstterson Air
Force Base.

R. P. Decker, C. J. Novek, and T, W. Lsndig, “Deveiopments and Projected
Trends in Maragiag Steels', Journal of Metals, 19, 1967,

¥. D, Benjamin, and E. A. Steigerwald, “Stress Courrosion Cracking
Mechaniems in Martensitic High Strangth Steels”, AF4L-TR-67-~98,

April, 1967, Air Force Msterials Lsboratory, Wright-Patterson Air Force
Base,

W. D. Renjamin, and E, A. Steigerwald, “Environmentally Induced Delayed
Failures in Marteneitic High Strength Steels", AFML-TR-68-8), April,
1968, Air Force Materials Laboratory, Wright-Patterson Air Force Bzse.

J. H. Mulherin, "“Stress-Corrosicn Susceptibility of High~Strength Steel
in Relation to Fracture Toughness', paper 5-MET 5, ASHME, April, 1966.

George E. Dister, Jr,, Mechanical Metsllurgy, McGraw~-Hill Book Company,
Inc., New York, 1961, p. 330.

38

ey [P

[Tz ok Smsw e




819338
Burdruyeg
A=OW~1D~IN

N ARTaY

maf
Q
O

—

+
p
k. -

«

hd
DCOCO0CO0OO0O0OCOoOOO0DOO

»

¢ o

O~ oo
Lo I IR R IS
.

. e

QOO AHhROON
ol et DO vt~
L]

'!

»

QOO O~
o g er fper I Y

00O
~ rd =t
cooccaoocoo0

CO0O0OCCO
e e e e R R
scocococoo

>]

=i

or°1 o L0°E 600 ">

061 0°1 c8°¢ S00°

L2448 0°t sg°e L00°
00°T o1 s8¢ 900"
06°1 060°¢ 80°¢ A

00°1 06°1 L0°€

01 00°2 0E°1

01°1 06°1 0z°¢

0Tt 01°z 0z ¢

0o1°1 01°z 0zZ°¢

01"t 01°2 80°€

c1°1 otz G0 €

£1°1 01°2 91°1

£1°1 01°2 12°1

(1°1 01°z 0z°1

i1 01°Z 0z°1

50°2 01°2 S0°€

$8°1 s1°¢ 00°¢

s0°z o1°¢ $8°0

01°1 0Z'¢ 98°0

80°1 S0°¢ 81°1

90°7T €0°1 0Z°1

45°0 00°1 66'¢

Z5°0 Q01 S0°1

s6°1 S0°Z 01°1

0°1 S0°1 01°1

65°0 90°1 00°€

%5°0 0°1 €1°1

$6'0 46°0 06°¢

%5°0 $6°0 L0°1 070 ° >
OH k%) N s

SXOTIV TVLNAWIYAIXA 40 SNOIXLISOAWOD TYOIWAHD

W

I IT9VL

~re:.7._ —

200°>
200>
200>
200 °>
A

(10°>

"ot
‘

4

e B Memed e

0 ot AL ek At 5108 SRR $Fa ttoreBIRINA Uil o 5207 22

wy
(5]
4

|

S

QONNMNODOOVWLTOVMNO

™~~~ T

i

-

NANNNMONANNNNNNS

ccocoocooococooo

22

1
Lo

84°0 6%°0
§L°0°  &%°0
¥.'0  8Y¥°0
€0  05°0
28°0 ZE°0
16°0 E9°0
05°1 ch*s
68°0  %€°0
06°0 17°9
0L°0 €6°0
€L°0  1E°0
08°'0 €£°C
e T 950
18°0 HE'9
88°0  ¥¥°0
16°0 %90
ZL°0 Wheo
LL°0 S0
9L°0 €%°0
08°0 S°0
0L°0 Y90

L0 o
940 £%°0
68°0 (<A}
06°0 8y°0
06°0 g0
£2'0 8o
0%°0 8%°0
5L°0  $5°0
18°0 $5°0
Ul 5

R e L LA T R PRSI

s

"

267
1662
06€7Z
6862
L3564
95eq
SSE8
5€d
£GET
7568
1460
NSER
69€¢
gy
Lhee
ovEd
SHET
y9Ee
£yes
Zyee
yed
oY’
se€g
gees
Lees
9gEQ
geLd
yeed
e
zecd

'oz
Juay

_.!ll

w A

39

-t




o m—— Y —

|

519938
YRR CUERR TN
A =M~ 0=~ TN

81938
oT3TUTEg
Ao11V wnipap

8168
d13TuTey
£OT1V WNTpaK

873938
Buildrurng
A-OR-2D~TN

- -

ERRETEN

v e P eppaarark nonrs —— L

- - 1t'o €50 $6°1 nt'e
- . T'0 01°¢ $6'1T S§§'0
“ - 60°0 €0°1 S0 §%°0
. - 60°0 €5°0 g0 890
. - 60'0 3570 $6°0 86°0
- - 60°0 01°2 060 £E70
- -« 01'0 01'2 E€0  00°¢
- - 01’0 §0°1 gy’0 060
- - 60°0 %$°C #9°0 8%°0
0°'C - 110 - 056 00T
T¢ - - - - §%°1
T¢ - - . . 0§°1
0T - - - - 051
0°¢ - 01°0 - §2°0 §Z'0
6°1 - 11°0 - $Z°0 §2°0
0¢ - I1'o - §2'0 S2°0
99 - 01°0 - 92'0 Lo
99 - 010 - 9% 0 Lz°0
8'¢c - e1 0 - $2°'0 Lz'o
8°¢ - 01°0 - 82°C L2°0
06°S - 980°0 - vE°Q €€°0
£6°€ - 980°CG - SE°0 £€°0
06°L - 980°0 - 1€°0 $€°0
06°'% - 9800 - €10 L1°0
£6°¢ - 080°0 - €60  G£'0
06'¢ -  180°0 - $1°0 91°0
06°S - 180°0 - §Z0 BE'0
58°6 - %80'0 - S0 91'c
£8°'¢ - 1z°0 - 8y €270
$8°¢ - 1Z'0 - £Ev'1 $6 0
(1] v I3 [\ G I

GXOTIV 1VINANIRdaRd 40 SNCILITOAR00 TNOTRITD

(panuguo)) Y ATEVT,

261
S6°1
28’1
6T
s0°¢
s0°¢
50°¢2

0wy
o
e W e . R . e
Y A e 1 Xt T TG G SR 3 W

SR TR OGLCITOOOD

-
(-2

a8
568
11701
Q6°6
01°8
L6
1z°01
oy o1

06°2
06°¢

N

010>

010" >
€00’
£00°
200°
200°

o10°>

900°
900"

§

=t S OV [ v 0 B o |

] - [ o [xa f ™
1€°0 16°0 LE°0 STLA
» 1£'0 16'0 LE'0 9ILA
$2°0 0L°0 8€°0 ETLA
& £2°0 $L°0 oo ZTLA
. 1€°0 6L'0 iv°0 TTLA
€€°0 SL°0 m'0 OTLA
A 6.°0 oy o 60LA
Z€°0 SL°0 rA M0 LOLA
010> €€°0 1£°0 6£'0 LOLA
01°0 §Z'0 9°0 6Tz
§2°0 6£°0 8/°0 L TAN A
82°0 av°o %0 €222
82°0 oYv'0 6%°0 ez
95T ©2°0 %0 1222
9L70 %2°'0 ch°n 0722
010°> 11°0 %Z°0 9%°0 6122
€00’ 0°0 ST'0 890 9122
£00* £0°0 S1°0 %9°0 €122
£00° 80°0 61°0 50 erez
€00* 80°0 10 (<3 1122
A 910 0£°0 I7°0 6624
02°0 2€°0 057C L1628
g1°0 0E°0 9%°0 gLzd
81°0 €€'0 0 YAKA:S
07°0 7€°0 9%°0 0Led
W0 €0 90 8928
0%°0 £E°0 w0 1929
p10°> 18°0 £€°0 rA M) 8974
200°> 80 %.°0 05’0 %6€2
zoe'> 8z°o LT 69°0 €6€Z
¥ 33 Wy 5 N
Jeay

Ps o mesapema wpsoaw s

i

40




- - 01’0 Z0°'t - (6°0 08T  z00° 200" 1§z 20 w0 (11Z
A « - 01'0 201 - 96°0 08°'T 200" %00°  7z9°T  2L°0  TY'0  911Z
- - 01'0 Z0'% - 86°0 06°1  £00° €00° 97°0 6.0 I¥°0  GIIZ
- - 01'0 201 - 86°0  68°t 200’ 900° (20 S0 I%'0 %112
- - 010 20°'1 - L6°0  06°t  ZOD* %00°  92°0 050 O%'0  €1iZ
- - 01’0 20°1 . 86°0  08°T  z00' §00°  22°0  62°0 10  Z112
- < g1'0 01z $8'1 0.0 06°T  €00° 900° 620  SL°0 V0 1112
m . - 11’0 Ot't 06°T S6'T  §8°'T  €£00° 900° 920 ZL'0  Iv'G  O11Z
m - -~ 11'0 $6°1 $g°1 66l §8°1T  200° Z00°  92°0  %.°C  Z¥'0  6UIZ
. - 01'0 §0°Z 01"t 00°Z 68°'1  ¢00° £00° w20 H.°C  I%'0  Q01Z
- - o1'p 0z°z w0 $6't  08'1 200" €00° 920 SL°0  ZH'0 (012
- - 110 Sst'T ¢6't SZ't  08'1T  z00° 200°  S§z°0  SL°0  TY'0  901Z
m - - 110 01z 00z 00°z 08T  Z00° 2000 S2°0  £L°0  1%°0 501z
M - - 600 08°z 04°z  €9'z  08'l  £00° €00°  [z°0 140  €¥°0  ZOVZ
| - - 60°0 621 007 §9'T 08l  €00° 700 £2°0  EL°0  Z%°0 1012
| - - 60°0 L0°Z S1'1 €9’z SL'T  z0O° 200°  /z°C 14°0  E€%°0 0012
N - - 60°0  9z°1 S1'1  €9°7  SL'1 200 200° /20U €L°0  £%°0 662
- - 600 <% £9°T €2°1  €L°T  900° S00° 00 (L0 EY'0 8672
- - 600 9z'L 97 €21 9.1  z0o° Z00°  0E'0 €L°0 £9'0 162
- - §0°0 Si°z 't zZ'l SL'1 €00° S00°  9Z°0 2.0 LhD 962
- - 60'0 9Z'1 SI'T  %z'l  £8°'T  €06° €00°  [Z'0 Yv.'0  Z9'0 562
- - 010 §0°T g6'0 100 18°1 SO0 Z00°  [Z'0 8L°C  €4°0 6(7
810935 . - 110 s0°g ST 80°T  98°'T  L09° Z00°  IE'0  8L°0  E£Y°C 92
>¥278U23 18K - - 11'0 g0°L 00°1  S0°z  S8°1  900° Z00°  32°0 9L°0 £9°0 (12
A~M=OH~ 3~ TN - - 11'0 S0z 56°0 6Y°0 28°1  900° Z60°  {2°0  LL'C  £9°0 G2
- - o0t ST 00°1 = 88" 1 62°0 060  £%°0  1SLA
! - « 600 &'z L6°1  00°1  S8°% [Z2°0 156°0 €9°0  OSZA
- - 600 S1°1 96°T ¢%°C 06'1 92°0  08°'C  I#'C  6YLA
g1se3g - - 60°0 SI°'1 00°T S0°¢  06°'T 9zZ°0  28°C  99°0  SHLA
213 78U5338H - - 01'0 071 v 16°0 16°1 0€°0  08°0 LE'0  LIZA
A~M~OH=3T~%N - -~ 01°0 - L6°0 1670 Z6°T  010°> 010> ©OC°0 08°0 £€'0  9ULA
FECER 5 v A 0 oR EGY ™ g d 7S UH ) “oN
| Jeay

SAOTTV TVINTWI¥AIRA 40 SNOILISOdWOS TYITAAHD

(panutjucd) I FATAVYL

41




o ———

8192385
D38 azaey
89TI98-IN

819938
DT TSUII ICR
g3TAIg-q)

o318
JT3IFBUIIABY
A-T8-0R=-20~TN

819938
913 f8UIIABYR
A-M-OR-3D~TN

§ya%wWa

fea]

80°1

£€0°’
%20°
z10°
ANV
920°
110°
810°
810°
110°
110°
110°
110°
£10°
210
010°

oz'o
61°0
61°0
1Z2°0
12°0
12°0

- - - -
CQOoOCoOoOCcCoO

QOOOOOO
O N O
-

LR

<

NNNNNNNN
L] * o
QOO oCOOLOO

e OO O e

9Z°0

g2°0

€°0

L4'0 99T
LLto i
AR
¥e'0  E0°E
Yo 0 §ave
v8'0  5¥77
0L°0  §8°%¢
TL'0 80’2
220 00°%
86°0  00°%
L6°0  50°T
L§°0  01°%
$6°0  §0°¢
§6°0  01°%
260 02°2
09°T  oo°¢
90 o00':
1070 oo0'c
09°1T  ¢0°z
68°0  o1°z
290 st1'%
09°¢  08°T
09°6  08'1
09°0  00°'%Z
C2°1  oL'1
20°1  oL'1
00T 2LT
S0°T  06°1
20°1 06°1
86°0 681
£ N

600°
600°
g0Q°
800°
800°
g00°’

#Q0°
A00°
L50°

500°
s00°
900"
S00°
900°
$00°
900°
906"
900°
200°
L00°
900°
§00°
¢00°
S00°

00>
§00°>
§00°>
206°
200°
200’

0

0dKO0O TYD

(panuyauon) 1 AGvVL

SR P

T R ]

200°>
260°>
200°>
200°>
200>
z00°>

200°>
20D ">
200°>

NN O
. .+ e e

nonnnno

e 3 N DNONNNNN

noo
w3
-

.

%€°0
ve°0
%E°0
S€°C
9€°0
9€°0

SE’0
mm.o

a8
-

- * L]
[=N+RoReNaNeo) [» el

.

NNMIADO
IO

O

1e€2
0Lez
627
§lez
9L27
€izZ

9ees
£E5E2
(4244

naz
662
952
LS7Z
957
8572
162
052
6%2
8z
LYZ

42

a9z
%2
€Yz

8E€Z
L8E2Z
98€2
4%
6112
A1z
YoN
3eey




M W 00€ 90°0 04°0 €L°0 zL'1 00 SO0 G110 6E°0 syvz
M 0\ 0Z°0 §2°0 e'o W7 600 2O’ qz'z  SETO 6670 156%
W w v2°0 €6°0 061 GET goo §00°  01'T LG 190 7Sz
72°0 [EN) LE°1 L0t Lo 200" 6% BE'0 6E'D st
12°0 P GE'L  00°Z 460" 200 20'T  £E'G  O0w'0 1
12°0 52°0 YE'Y (61 00" o Wz €L'0 $E°0 €
i2°0 59°0 0870  0°z  L00° 906" Iz €0 090 21
12°0 89°0 €1  s0°z  goo° 906°  TI°Z  S€'0 €40 17
0z°0 £9°0 8€°1  '80°T  S00° eor  TIT 8e's R0 01
0z°0 9°0 o't 26z - 600° 200" TET O gech ¢wo g
81°0 LEXC) gs°'t  00°Z  S0D° (A M+ A% S N N N 3
M 81°0 §%°0 §9°T  §1'z  §00° 900°  0z°Z L0 09’0 L2
£2°0 og'o $0°'t s1°z  S00° AL T S A X 2%
€2°0 5970 §0'1  §i'z  <00° 200" O%°% 850 z9g g %
7z°0 B0 gs'1  00°'z  s00° Mot oY L0 198 'R
513335 Tz 0 £vo LT 00'z 500" AT M- ST A I X £y
STITOUS el 22’0 ¥8°0 10'T 00’z S00° T00° 8L %8G 190 vy
A~¥S=OR~10~TN 2z°0 £9°0 00°1T  o00'z  s00° ¢00"  TET  S£°0  6¢°0 14
819938 - - 12°0 - 92°0 08°0  §0‘'Z 800" 200’  09'z g0  6£'0 ez
IESELERET] - - 12°0 - §z2'0 08°0 S0z  800° 200" £9°z  £§C  6£'0  1L2Z
427 338-UN - - 0z'0 -  92°C SL°0  g6°T 00" 200°  §S'z  ®ZO0  Tv'0 0Lz
812235 - - 626 - 8z'0 €8°0  06°%t 900" 700°> 09'z  S2°0  8£'0  @/2Z
: DIITSUIIACR - = JF0 - 870 18°0  §6'1  900° 200>  09°Z  92'0  B8€°0  [/(2ZZ
w 8371354 - . o1'a -  82'0 8.°0 06T  900° Z00°> 09°T  9T'0  8€°0 922
| EFELE E4) v A B R En) N g g 75 W 5 “oN
! J40H
;
M o
| SX0TTV TVINAWIHAIXA 40 SNOLLIGOGNOD T "7,
m (penuz3uo)) I ATAVL
j
i
w 7 S s BN kg B RV B el SR T ! B - R e S T R ) b b ;1 !
S S o memeen i £ i i e o

ML Mo 8 Wega L, B b e sl e tiuid
LRI th o

43




R WA SR e o s

~ g U g

N ooy [ S— .. —a remem} rnew Pmnerd i LA

avoveone 40

@&ﬂmcmu;czacm“<acg ; - 020 [TT0 LL°0 0G°T L00°  $00°  €9'Z 6E'D Iv'G nSEs e )
93T5UPIIBY Ko1TY Mo - " BTT0 9T°0 94°0 00°Z LOGT  S00"  09'Z 45'0 o%'0 CISER o

3T8uSIIER LTIV MOT  600° <O0° - 80" %T'0 YE'0 08°T L9°T 600° 500 €1°7 H$E€°C SE'C  I1199eC
IITUTBE LOTIV WNIPAH  $00* OO 02'C 0" L0'0 98°0 6E°0 OI'L SOD'> Q00° W00 92°0 6Y'0  0088EYEC
e3reueIaRy LOTTY 40T  400° Z00° " BT EZTO L0 08°0 0L°I S00°> 600°  (§°% €£°0 8E°0 BOBBYNE

LELINEUCAR 7Y
; SITUIRE LOTI¥ MOT 910" Z0G' O1'v -~ 0Z°0 25°T S0°Y 06°% 700 §00°> 8T'0 0B'0 15°0 1E20
| BITUYER LOTIV WNTPAR  €00* 600 0C'S -  60°0 %Z'0 %E°0 06°9 €00°  S00°> €0'0 £B8'0C 05’0 GEZD:
i PHIIUBIIIN AOTTV MOT  4GI° 20O’ -« TZ'0 920 98°G Q6°Y 200> €00°> [y*Z 050 ty'o 6270 3

FTER{EUy T TURRY WS TRONTSBTY

PITUYEd KOITY MOT  110° 900° 08°€ -  0Z'0 OC'T SO°T 06°F ZI0' 200’ ¥E'0 BL'0 €370 YEZ0
DIFUTOL AOTTY WATEAH 900" 0D S6°% - 010 LE'D 860 08'9 800°  Z00®  4ovp LED 25°0 00
PIFEUOIANN AOTIV AUT 8007 £00' - - 12°0 92°0 BL'0 €5'T ¥I0°  Zon®  (9'7 W70 §4°0 6275

LIS CEUAE N 3

#ITUYIBE LOTTY 40T 00°% %0° L1'0 9€'T 66°0 SL°T Z00'> Z0D' 6L°C %'G 6Y°0 TIYE
s37uyeg L011y wnypen §9'% WO 010 %T'0 9€°0 SL°9 §00°> IO 95°0 00 z4'Q 1192
33839338 Lo11Y a0l - 807 61°0 RZ'0 9470 SL°1 OG> OO 09°F 66°0 66°( 8OV

FTEATROT IR
WY N § % W K W W W% d W w, 7 i
IWaR

ST O 0 SO ST 00 TS TS
{panuyzven) HIIVE

T A e W v e




ﬁ

_

81093¢
(3 + &) sv-v-p

83 1eway

L0°0 ZE°0 1€°0 L6°L 010° 400" SU'0 Lz°0 w90 99LA
§0°0 ov°0 82°0 0z'g 600° 0z0° €06'0 cz°0 Z9°0 LZLA
60°0 €€ 0 0c'0 0E’g $20° 900" 60°0 LZ'0 rA M) 9ZLA
80'0 %€°0 0€£°0 'y $z0° AN $0°0 A 9" 0 cziA
60°0 oY°0 9t °0 1v'8 0z0° £10° 6C°v £2°0 A MY WZIA
60°0 €E°0 87°0 [ 200" £00° 010 120 19°0 €ZLA
A oW k%) TN g I s U F "oN
103

SAOTIV TVLNIWIYZAXd 40 SNOILISOdWOD IVOIWaHD

(panuyjuo)) I FTAVY

L T R ST R i .

45

T
TR

-

o
(2R

>

At s At e

N

e Rt MPRCTCo T SR TR




I

PrOVREITY VT

3
H
3
TABLE II i
MECHANICAL PROPEKTIES OF LOW ALLCY BAINAGING STEELS HH
i
Isothermelly Trensformed a
Lower Bsinite Bainaged 950 F, 4 Hrs 3%
Heat Y.S8. U.,T.5. El. R.A. CYR Y.S. U.Z.S. E!, R.aA. CVN :
No. ksl ksi Z % fr-ib  ksi ksi % % £f£-1b
8332 264 312 3 21 9 216 229 12 31 13 f
B333 246 304 10 29 15 214 227 12 33 14
B334 245 293 i 35 i 212 223 12 33 16 i
8335 226 272 12 44 17 205 218 14 43 17 i
B336 244 293 il 37 11 222 242 14 39 %
/337 214 286 1z 41 3 30 233 12 33 12
B338 223 262 14 49 15 261 212 15 31 15 ;
B339 65 252 3 45 18 197 209 15 &6 19 :
B340 220 265 iz 42 14 218 230 14 45 17 i
B341 206 274 12 52 8 209 244 14 43 12 %
B342 193 286 37 18 209 270 it 8 16
8343 226 286 13 33 & 2i3 276 10 23 10
B344 151 28R 13 33 20 159 284 11 29 9 -
2345 175 273 15 37 10 202 27% 12 26 9 1
B34S 214 294 4 28 17 178 204 7 6 7
B347 218 z81 i5 37 20 157 293 8 12 S ‘
B348 182 243 1 43 2 186 254 1 >3 12 ¥
B34S 157 244 17 41 23 165 272 12 24 10 =
B350 148 232 i% 41 24 179 232 15 42 17
B35t 175 236 14 42 20 178 228 15 44 19 it
B353 Z0i 266 % 44 18 2.7 257 13 38 8 il -
R334 158 222 18 46 20 124 282 i4 33 12
B355 157 301 7 3 7 132 285 3 o 3 r:
B255 180 a4z 13 4% 21 157 278 g 12 7 i
2357 122 253 15 24 1% i35 279 i& 33 13 o
i
Aversge longitudins}, rocm tempersture properiies of sir melted heacs, 3
r3 =
i
"3
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TABLE IV

Frpwery)
[iamw]

MECHAAICAL PROPERTIZS OF MEDIUM ALLOY BoINITIC STEELS

ey

Eest Y.S. Uu.T.s. El. R.&. CcVN
No. ksi kei % % ft-1bs -
B266 204 264 12 32 8 g

197 264 12 22 8
B267 181 268 15 46 14 ﬁ

182 267 15 I3 14 /
B268 221 266 10 36 12 Z l

222 265 10 40 13 '
B270 228 279 11 45 18 |

229 271 11 43 18 i i
B272 234 277 12 43 16 {{

234 277 12 4. 16 i

i

B273 237 277 i1 45 18 o

235 277 12 50 18 f f
5297 217 285 12 &4 22

218 283 12 41 20 I,
B299 216 256 13 52 19

213 256 13 54 24 f

Room temperature properties of air melted hests tested in
longitudinal directien
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MECHAN:CAL PROPERTIES OF MEDIUM ALLOY

TABLE ¥

BAINITIC STEELS

Heat Issthermal-Transformation Y.S. J.T.S, El. R.4. CVN
No, Temperarere, OF ksi ksi Z % ft-1bs
Z211 445 260 301 1% &4 11
£35 238 272 11 45 16
2212 415 266 316 11 39 15
465 251 290 i1 38 15
2213 435 288 332 7 16 7
485 268 303 8 11 7
2234 415 288 336 7 23 7
465 280 318 8 24 9
2219 540 232 261 14 51 20
59G 208 232 i5 £a 29
2220 540 247 284 13 50 18
590 218 254 14 35 23
2223 520 239 286 13 42 16
570 221 263 i3 45 17
2222 £45 218 285 12 41 16
495 206 265 12 45 17
z223 470 225 283 12 44 13
520 207 254 13 46 16
2224 490 223 281 12 40 11
540 205 262 11 42 20
2225 430 231 284 11 40 15
540 212 265 12 45 15

Average longitudinal, room temperasture properties

49
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TASLE VI

MECHANIC..L PROPERTIES OF MEDIUM CARZON Ni-Cr-Mo-W-V

MARTENSITIC STEELS

400 ¥ Temper

600 F Tempir

Heat Test Y.8, U.T.S.
No, Dir. kei ksi
V707 L 203 237
T 20/ 254
V708 1L 215 230
T 220 235
V708 L 225 285
T 218 296
V70 L 226 279
T 222 285
¥711 L 213 274
T 213 2712
V72 L 221 263
T 222 268
V7i3 L 213 271
T 216 261
Vils L 230 284
T 228 253
V715 L 213 286
T 225 283
viie L 195 267
T 205 230G
V717 L 201 285
T 202 265
V748 L 217 319
T 226 307
V749 L 231 283
T 229 254
Vi50 L 235 3600
T 247 304
v¥75T1 L 236 289
T 238 287
275 L 242 30¢
z77 L 211 307
278 L 230 30:
279 L 228 254

Average (2 specimens per condiriesa} reom temperature properties
HBaats Z75 through Z7% are rve-make hezts of V710, V745, V7530 sad V751

resrectively

El,

%

14
i3
it
11
it
11
10

8
12

9
13

b3
&

12
12
8
b
11
10
13
i3
13
i2
8
8
H
11
&
8
10
10

Prd et
N N pw

Pt

R.A, cn ¥.S. U.T.S. El. R,A, CVN
% ft-1bs ksi kat ks % ft-1bs
52 27 204 235 14 57 24
48 24 204 235 13 48 2G
36 il 215 262 11 41 10
21 i5 211 258 11 41 10
28 13 218 270 12 40 13
26 ii 213 267 11 20 i0
34 14 242 263 11 L4 12
o 11 249 250 8 31 10
e 15 211 258 i2 44 11
27 12 207 254 E 27 H
45 23 216 246 14 54 1g
42 18 216 246 12 47 17
45 22 215 246 12 53 20
49 18 214 245 12 48 18
21 8 234 27: ic 35 S
15 7 228 27¢ 8 2% &
32 13 212 266 il 33 11
32 11 210 265 11 £0 i2
40 21 196 242 i2 43 H
41 ig 1498 243 13 &1 is
45 23 198 241 i3 53 17
&4 21 197 237 12 351 18
i8 iz 218 282 1 A 12
15 12 229 27¢ 5 17 9
25 12 237 267 11 G i1
25 9 238 269 i1 33 10
18 9 258 282 g 31 ip
16 S 250 278 7 i8 &
34 12 244 264 1i &7 iz
37 i 255 265 10 49 17
30 3 252 267 10 38 12
30 15 207 274 g 27 1%
22 14 236 277 9 34 g
35 i3 231 261 10 44 g

]
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Heat
Noﬂ

2386

z387

) 2388

+

Tempering
Tempgrature

e > 2o

500
550
600
650
700

500
550
600
650
700

500
350
600
650
700

— e pewn e e oy

e, s ey

=

Average, longitudinal, properties

TABLE ViII
MECHANICAL PROPERTIES OF Ni-Cr-Mo-W-V MaRTENSITIC STEELS
CVN
v.s. UTS. El.  RA ft- 1bs
ksi kel 3 % +70 F 65 F
270 317 11 38 18 .
269 313 10 38 18 ]
268 308 : 42 16 15
269 304 11 44 16
268 299 11 41 16 2 |
272 317 1 41 18 - f
270 312 10 40 17 - '
269 312 13 43 17 13
271 309 11 41 17 -
269 303 12 38 16 13
268 319 11 37 16 -
268 315 10 31 15 -
271 313 10 39 16 12
272 310 1 35 15 -
271 304 11 3 14 12
53




TABLE IX

MECHANICAL PROPERTIES OF MEDIUM CARBON
Ni-Cr-Mc-Si-V MARTENSITIC STEELS

Tempering
Heat Tempesature Y.s. U.T.S. El. R.A, Charpy Impasct Energy, ft-1bs
No. F ksi _ksi % % +I0F OF -65F -200F
Z43 460 2643 298 11 46 20 20 20 14
500 2648 291 12 50 19 - - -
600 243 284 9 45 17 16 Z
700 228 263 12 50 14 - - -
800 207 232 11 44 22 - - -
Z44 4900 24~ 305 11 44 22 21 18 16
500 254 299 12 47 21 - - - !
600 258 298 10 44 20 19 16 10
700 247 278 13 53 16 - - - i}
800 716 245 12 5D 15 - - - {
245 400 266 317 11 4y 22 20 17 10
500 263 310 11 47 19 - - -
600 263 367 11 45 21 19 17 9 §§
700 266 298 11 48 17 - - -
800 232 268 13 59 13 - - -
246 400 258 311 11 42 20 20 19 11 3{
500 263 306 11 45 19 - - -
600 261 299 10 3¢ 16 16 i3 9
700 257 285 12 51 15 - - - I}
800 225 250 12 47 14 - - - )
z47 400 256 307 10 40 21 20 16 10 ‘
509 261 306 10 42 19 - - - ;
600 266 306 11 41 19 16 13 10
700 254 278 11 51 15 - - -
800 221 262 11 45 14 - - -
2438 400 266 313 10 40 20 20 16 7 ’,
500 255 307 11 42 18 - - -
600 256 305 6 16 16 13 12 7
700 251 291 11 45 12 - - - ;
800 220 266 12 40 10 - - - P
249 400 256 311 13 42 21 20 14 13
500 263 301 11 41 20 - - - .
500 266 301 11 46 18 16 i6 12 {{
700 251 285 11 48 16 - - -
800 219 251 10 37 14 - - -
250 400 235 293 i1 45 20 18 18 13 ]
500 262 288 11 43 19 - - -
600 256 297 11 41 14 15 13 il
700 - 289 12 47 15 - - - 1
800 222 261 12 40 12 - - - )
i
54 0l -
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TABLE IX (Continued)

MECHANICAL PROPERTIES OF MEDIUM CARBON
Ni-Cr-Mo-Si-V MARTERSITIC STEELS

Tempering
Heat Temperature Y,S, U.T.5. El, R.A. Cherpy Impact Energy, ft-lbs
No. °F kei  ksi % % +I0F OF 63 F -200F
251 400 25¢ 261 12 &0 12 - - - |
500 251 308 10 38 18 17 16 g !
600 236 305 11 39 16 14 14 g f
700 255 300 11 39 13 - - - ;
- 800 226 273 1 34 11 - - -
{ 255 400 230 283 13 50 22 1o 16 10
500 222 264 12 48 18 - - .
500 218 255 12 43 18 16 11 11
P 700 209 235 12 53 15 - - -
? 800 199 218 13 51 23 - . .
756 400 260 305 10 37 18 18 15 1
g 590 245 298 11 39 17 - - -
! £30 246 295 1 36 16 14 12 5
700 243 .86 11 39 11 - - -
- 200 219 251 11 39 12 - - -
{ z57 400 256 316 1 35 18 17 15 7
é - 560 255 310 11 39 17 - - -
: 5§00 261 307 10 41 16 15 13 6

700 259 299 11 41 14 - . -
800 226 272 1 8 :

MR SV
e T |
w
€0
s
'
X

258 400 235 286 13 5@ 22 21 21 i6 i
: 5060 24 266 13 53 18 - - - =
: 600 220 253 12 51 1 16 6 12 5
; 700 205 233 13 56 13 - - - g
L £00 203 221 13 5% 23 - - - e
§3 259 450 248 301 11 43 21 20 15 11 ;-
- 500 264 29§ ir 35 20 - - - £ .
600 236 294 T 4% 1% 16 1 o
i’ 700 255 281 11 &3 17 - - -
: 809 216 252 11 &1 4 - - - £
260 400 256 312 3 Y 20 17 15 . 8 £
- 300 255 308 e 39 16 - - - g
! 600 263 306 w42 15 17 13 2
700 261 300 i1 &40 17 - - -
200 23& 275 13 &6 134 - - .

ot Sy

Average, lopgitudinsl properties
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TABI.E X

MECHANICAL PROPERTIES OF Ni-Cr-Mu-Si-V
MARTENSITLIC STEFLS (Ni, Mn, V, Cb SERLES)

4
CYN
Heat  Y.S. Y,T.S. 21, R.A. ft-1ibs
No, ks i ksi % % +70 F  -65 F  Remarks B
2332 265 210 10 31 11.5 9.5 Columbium Series
268 312 11 33 i3 9.5 ;
2333 267 311 it 38 15.5 11 ‘
263 310 10 38 16 12
33 264 306 12 35 17 14.5
266 310 11 38 17 13.5 \{ |
ZZ73 273 317 11 S0 16 12 Nickel Series ’ !
271 319 il 37 14 13 . ‘
2276 282 324 11 a0 14 12 l;
231 2 11 10 14 13 i
%275 279 324 11 40 16 14
79 324 12 43 16 13
339 254 31 2 19 13 10.5 g
265 310 8 29 12,5 10.5
7336 263 508 10 3i 15 12,5
261 06 i1 3 14.5 i1 g
30t 262 303 12 3¢ i8.5 15
;é 253 365 11 40 18.5 14.5 Y
. 2376 264 332 ) 2. 13 11 Vanadium Series E
265 312 9 22 14 11
i 2377 268 310 11 43 H3 15
: - . - - 20 17
2278 264 305 1t &4 20 16 i
257 397 iz 45 20 17 Y
270 271 313 10 & 15 153 Hangar=ge Series
271 P 12 44 15 14 i
7271 269 315 10 36 15 i3
267 115 14 34 15 12
2232 266 3i8 i1 33 15 12 !
268 315 1% 33 14 10 ¥ !
Longitudins: groperiies, &80 7 tempering taaperaturs S
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TAELE XI
MECHANICAL PROPERTIFS OF STATISTICALLY DEGIGRED
Ri-Cr-Mo-5i-V MARIENSITLC STEELS :
Hest Y.S. W .T.S. Ei. R.A, OV, ft-lba  CIC, kai/tn.  ISCC
Ho. ksi ksi % % +76 F 83 F +70 f ~g63 F  ksi /in,
R1 261 299 11 47 w5 & 9.8 45.4 18
236 296 n & 22 21 62,7 46,2
26,5 1% 64.3
R2 266 307 11 39 16,5 15.5 535.%  43.2 37 -
261 363 11 46 155 16 60.¢  39.0 ;
4.5 17 58,9 , f
R3 263 309 11 41 18 20.5 51.4  40.3 16 3
265 306 11 39 19 19.5 68,8 4G.7 £-°
20 7.5 62.4 g
R: 269 316 9 31 155 17 49,6  36.3 16 ;
268 312 8 25 17 4.5 48,2  37.8
7 15.5 49,8
XRS5 269 311 16 36 17 17.5  58.8 426 _ . 18
261 301 i1 38 29,5 15 5.3 40,7
19.5  i7.5  58.7 -
R6 271 315 i1 3 18 16 49.& 5.3 18
267 311 11 35 18 15 59.7  35.3
16 15 5¢.5
R7 266 115 8 28 16 16.5 58.¢ 35.0 18 =
254 313 16 4 17 13 57.6  38.1 w2
12 4.5 < -
RS 272 321 12 57 1 7 52,80, 35.6 17
274 3zi 9 2% 18 15,5 49,7 32.2
17 % 52.0
a 273 314 10 29 1% 13.5 48.5 350 1f
270 312 8 23 16.5 15.5 4?.F 5.0
i&.5 12 48.9
e 284 333 8 % 18 12 45.5 31,4 1§
286 332 9 31 1.8 1t 2.6  29.6°
1>.3 g YR
i1 265 311 i1 50 18 16.5 54,7  37.% 18
257 3cs 3 25 i 17.5  54.2  40.2
6.5 18 57.8
12 263 350 1Ic 2 22 21 65.0  46.3 18
261 29 10 37 22,5 2.5 664 48,2
15,5 13 £5.0
2 284 307 11 5 21 17 82,0 &4.5 18
252 307 11 42 138 18 61.6  45.1
20 15 5.9
% 273 3i6 11 kLI Y 4.5 47.§8 3.1 i9
268 312 16 33 18 ) 4.7 36.8
13,5 19 4.1
15 269 319 10 36 13.5 1.5 56.0  40.7 17
261 306 10 ™18 16,5 56.6 9.2
- 18.5 58,8
Longitudinal properties, 600 F timpering temperatute

N
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TABLE XII .

H#ECHARICAL FROPERTIZE OF Hi-
MARTENSITIL STEELS AND 34

Ko, kel Jin.
&0

Heat ¥.8, - U.T.S,  Ei, R.A. CVN, £2- 1bs
¥, ket ksl % % +70 ¥  -5_F 4I8F 65T ,
2528 269 3ty 3.5 40 1%} 138 485 344 a
371 318 9.5 42 14,2 8,5  45.1  35.6
svg. 270 38 9.3 1 1.3 9.7 #8.2 3.2
: 2551 267 210 11 43 19 15 50.5 45.6
: 268 312 32 44 20 17 3.6 4.5
) avg. 268 311 1.5 335 15.5 6.5 8.0 5.0
7249 240 285 10 a2 18 15 67.9  48.2 |
‘ (3008) 286 287 10 42 29 17 §23  43.0 {
hvg. 243 286 T3 32,5 1% T3 65.6 5.5 L
;*_ Longitudinal propertfes, €G0 P tempering temperaturs
il
; TABLR XIII o
COMPARISOE OF EXPERIMENTAL AND PREDICIED
MFCRARICAL PROZERTIES FOR HEATS 7525 ARD 2551 —
; Experimental Reguits Predictsd Results i
X X, . £, K e
Heat U,T.§. IC c CVE U.T.8. i€ Ig &7t o -
No, _ksi  +70F 65 F ft-lbs ksi  +I0F 55 F ft-lbs 5i-
[ 3 =
z525 318 49 35 14 308 65 42 18 -
£= ~
z551 311 63 45 19 252 67 51 22 £
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TABLE XIX

MECHANICAL PROPERTIES OF THERMAL~MECHANICALLY PROCESSED

30CM STEEL

Sample ASTM Y.S. U.T.S. R.A. EL, CVN
No. Process Aust.Temp, G.S. (ksi) (ksi) (%) (") (ft-1bs)
1-1 Sph. Anneal 1475 F 13.5 261.0 293.2 29.3 9.0 14
1-2 Roll at 1200 F 259.0 289.2 30.5 _9.90 14
Avg, 260.0 291.2 29.9 3.0 14
1-3 1525 F 11.8 253.¢ 288.2 29.9 15.0 17
1-4 253.0 288.2 36.3 16.0 17
Avg. 253,0 28R%,2 33.1 10.0 17
2.1 Spa, Anneal 1478 F 14,5 258.0 289.2 36.9 9.6 15
2.2 Roll at R.T, 260.5 290.2 32,5 10.0 17
Avg. 25%,2 289.7 34.7 9.5 16
2-3 1525 F 12,6 253.0 288.2 39.6 10.0 18
2.4 251.5 288,2 38.4 10.0 18
Avg, 252.2 288.2 39.0 10.0 17
3-1 Sph. Anneal 1475 F 14,0 267.1 293.2 32,5 9.0 15
3.2 Cool to R.T. 267.L 293.z 31.1 9.0 16
Avg. Roll at 1200 F 267.1 293.2 31.8 9.9 15.5
3-3 1525 F 12,4 257,0 Z91.,2 31,1 10.0 i9
3-4 256.5 231.2 31,9 10.0 19
Avg. 256,7 291,2 31.5 10.0 12
4-1 Tempered Mart, 1475 F 12,8 253.5 Zz8vw,> 35,7 12.0 19
4-2 Koll et 1230 P 252,90 230.2 33.7 1i.0 i
Avg. 252,7 2¢9.7 34,7 11.5 19
4-2 1525 F 11.8 248.0 288.2 35.9 11.0 20
[ A 247.0 2806.2 39.6 12.0 22
Avg, 247.5 288, 38.2 1il.5 21
5-1 Tempered Mart, 1475 F 12,9 249.0 291,0 39.0 11.0 20
5-2 Roll at R.T. 25i,0 291,2 40,2 11.0 20
Avg, 250.0 291.1 39.6 11.0 20
5-3 1525 F 11,6 2428.0 290.2 41,4 1Z2.0 20
Suds 249.5 290.2 40.2 12.9 20
Avg, 248,7 230.2 40.6 12.9 20
6-1 Tempered Mart, 1475 F i2,3 253.0 293.2 49,8 1i1.9 19
6-2 Roll at 800 F 252.0 293.2 35,7 120 20
Avg. 252.5 2¢3.,2 38,7 1i.5 13.5
§-3 1525 F 10.7 251.0 291,2 38.& 11.% 20
6-4 251.0 291,0 49.2 11.9 22
Avg, 51,0 291,1 35,3 1.0 24
Coaventionsl
Avg. Processing and 1600 7 9.4 241.6 282,323 44,7 12.¢ 0

Heat Treatment

A11 materiel tempered at 660 P for 2 + 2 hours

Y v—
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MECBANICAL FIDPERTIAS OF 4 THARMAL-MECHANICALLY FROESSED
IOW AZIOY BAINL TIC STEEL (Z412) :

Sespls sust, ASTM  Y.S. U.T.S. R.A. EL.(I") CW : i
%1, Brocaad Temp® G.8.,  kai Kai yA ft-1bs - f
. !
i-i  Zph. Aeresl. 00 F 11,5 262.0  304.2 33,1 10.0 11.8 §, §
i-2  Holled at 1200 7 261,0  302.2 24,5 10.0 12,0 g
hvg, ‘ 2415 3837 30,8 13.0 11.2 E“; 3
i
i-3 %630 F 11.0 225.9 300.2 30,5 11.0 14.2
1-4 236, 304,2 31.1 11.0 iL.5 -
Avg. 731,64 302.2 30.8 1.0  12.8 U :
2-1  Sph. Annest 1806 ¥ 124 2510 306.2 35.1 11.0 12.5
2-2  Coel te B.1. 252,80  306.2 - .0 14.0 %
4vg. Rolled st 1208 ¥ . 3315 Fe6.Z HB.I 1.0 13.2
-3 1850 ¥ 1L.7 230.% 3012 36,2 4.0 15.2 ;
24 228.¢  30i.2 3Ll 11D 14.5 5
avg, 3 B2 OF6 D 1%.8
3-1  Quenched sad 1609 ¥ 1L5 24%.%  306.2 33,5 1LO 14.2 g :
3-2 Tempered 265.0 306.2 36.3 11,2 19,5
Avg, Rolled at 1200 ¥ BET ORI OBWIE Lo 12.5 - 4%
3-3 . 1650 F 11,1 2325 363.2  3%.0 . 12.0 5.9 g
I-4 ~ £29.2  303.2 8 12,0 15.0 _
svg. 231,27 3.7 353 126 5.0 f 3
) FI R
412-1 genventionsl 1550 F 10 6 228,%  385.2 38.4 13,0 15.0 .
4122  Processing and 235.9  3¢5.2 3.6 120 1%.2 e
- Heat Trestuent _ e 3%, 5 ﬂ N
Avg. 232.% W57 388 IS i A

1&.

womerasy
bdes a2
Mo
.

*Austenitized at temperature for one howr &7 Lsothermally travsformed st
475 ® for six hours ’ : .
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(b) Slow Bend Fracture Toughness Specimen (Three Point Loading)

Dimensions of Tansile and Fracture Toughness Specimens
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Figure 2,
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