28 August 2003 AN ENHANCED MACHI NABI LI TY PRECI PI TATI ON- HARDENABLE

STAI NLESS STEEL FOR CRI TI CAL APPLI CATIONS 5 FI ELD OF THE | NVENTI ON Thi s
invention relates to high strength stainless steel alloys and, in
particular, to a precipitation-hardenable, martensitic stainless steel
alloy having a 10 uni que conbination of strength, ductilidy, ﬁsqgﬁ@ess
and machinability. BACKGROUND OF THE | NVENTI ON Aerospace nate
specification AMS 5659 describes a 15Cr-5N precipitation hardenabl e,
corrosion resistant steel alloy for use in critical 15 aer(o)%ace

conponents. AVS 565ANJN %MAMMBH@Y\PBMHEHEﬁTH requirements
whi ch the alloy nust neet heat treatnents. For
exanple, in the HI00 condi fﬁ%ﬂ?]}h{@é@ a?gg]gou§ g%g 482C) for 1 hour and
then air cool ed), a confor m NQRACRIVICAEIAPPIRCAEIGNSENSi | e strength of at
| east 190 ksi (1310 MP a) in both the longitudinal and transverse
directions 20 together with an elongation of at |least 10%in the
| ongi tudinal direction and at |east 6%in the transverse direction.
However, products manufactured to nmeet that specification typically |ack
the ease of machinability desired by conponent fabricators. As the alloy
specified in AVMS 5659 conti nues t Q. be used i.n many 25 structural conponents
for aerospace applications, alloy that neets all
of the mechani cal ovi des
Tﬁgqhve%ﬁsmaateé w%@r éﬁezﬁ%th sbeéimeméséﬂcerfsomd Ph

superior machinability. It Is genera own to a aln elements such
as sul fur, sebaticular, td ebtampﬂatwn—hardenabdﬁ staaiendits stasd@ebtedl dlloy havingar der t o
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mechani cal properties of the alloy, such as toughness and ductility, to the
poi nt where the all oy becones unSU|tabIe for the critical structural
conponents for which it a need eX|sts for a
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precipitation hardenable, corrosion resistant steel alloy for use in critical

15 aerospace components. AMS 5659 specifies minimum strength and ductility
requirements which the alloy must meet after various age-hardening heat
treatments. For example, in the H900 condition (heated at about 900F (482C) for
1 hour and then air cooled), a confoﬁning alloy must provide a tensile strength of
at least 190 ksi (1310 MPa) in both the longitudinal and transverse directions

20  together with an elongation of at least 10% in the longitudinal direction and at
least 6% in the transverse direction. However, products manufactured to meet
that specification typically lack the ease of machinability desired by component
fabricators. |

As the alloy specified in AMS 5659 continues to be used in many

25 structural components for aerospace applications, a need has arisen for an alloy
that meets all of the mechanical requirements of AMS 5659, but which also
provides superior machinability. It is generally known to add certain elements

such as sulfur, selenium, tellurium, etc. to stainless steel alloys in order to



critical applications and which al so provides superior machinability
conpared wth alloy conpositions currently utilized for fracture-critical
conponents. 10 SUVWWARY OF THE | NVENTI ON The present invention is directed
to a precipitation-hardenable martensitic stainless steel which provides
mechani cal properties (tensile and notch strength, dUCtlé%%§_ 338

t oughness) that neet the requirenents of AMS 5659 and whi Egs géovides
significantly better machinability conpared to the known grades of 15
15Cr-5Ni  precipitation-hardenabl e stainless steels. The broad,
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FeBal . Bal . Bal . -2 28 August 2003 The fore oing tabulation is provided as a
conveni ent su pmﬁcpa}, appliratiensppd which also provides superior machinability compared

with alloy compositions currently utilized for fracture-critical components.

10 SUMMARY OF THE INVENTION

The present invention is directed to a precipitation-hardenable martensitic
stainless steel which provides mechanical properties (tensile and notch strength,
ductility, and toughness) that meet the requirements of AMS 5659 and which also
provides significantly better machinability compared to the known grades of

15 15Cr-5Ni precipitation-hardenable stainless steels. The broad, intermediate, and
preferred weight percent compositions of the alloy according to this invention are

set forth in the following table.

Weight percent

20 Element Broad Intermediate = Preferred
C 0.030 max.  0.025 max. 0.010-0.025
Mn 1.00 max. 0.50 max. 0.50 max.
Si 1.00 max. 0.60 max. 0.50 max.
P 0.030 max.  0.030 max. 0.025 max.
25 S 0.005-0.015 0.005-0.015 0.007-0.013
Cr 14.00-15.50 14.00-15.50 14.25-15.25
Ni 3.50-5.50 3.50-5.50 4.00-5.50
Mo 1.00 max. 0.50 max. 0.50 max.
Cu 2.50-4.50 2.50-4.50 3.00-4.00
30 Nb+Ta (56xC)-0.30  (5xC)-0.25 (5xC)-0.20
Al 0.05 max. 0.025 max. 0.025 max.
B 0.010 max.  0.005 max. 0.005 max.
N 0.030 max.  0.025 max. 0.010-0.025
Fe Bal. Bal. Bal.
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intended thereby to restrict the | ower and upper values of the ranges of
the individual elements for use in conbination with each other, or to
restrict the 5 ranges of the elenments for use solely in conbination with
each other. Thus, one or nore of the ranges can be used with one or nore
of the other ranges for the remaining elenments. In addit'gg;&%1 a_m '%rrum or
maxi mum for an elenent of a broad, internediate, or pref é“sé?ﬁg sition
can be used with the mininmumor rmaximumfor the same el ement in another
preferred or internediate conposition. 10 Here and throughout this '
specification the term"percent" or the synmbol "% neans percent by wei ght
unl ess ot herw se Sﬁﬁc%fi ed. tDETA!'LED DES&:%aPTI ON. OF THE | NVENT. O\I The
interstitial el enent® CHPYn 'fl}a B i {srp(s(&‘g Fe PRYPPPYE IR IS8 el s i n
15 this all oyiritéhded @RketlyQo benedtithe TohRr AREpRAPALLéstof 18 rahB&s Fth®y -
Therefore, the allo contai ns not nore than about 0.030% each of carbon
and nit rogen Hﬁwléﬁ%ﬁ]@ﬂ%ﬁfor wstin gpmbinatiemwith sach gherzeotpaestaeidhe of t hose

el enent s. i L errent S
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machi nabi I tybﬁ;adtln% laclhg%i ﬁﬁ‘eﬁrgﬁ%d @%ﬁﬁo (% cadl e%%d@ }?ﬁ‘naﬂﬁh ldit Y
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contai ns at | eagimib falthetante €6mehtdan dn@thaﬁ&eﬁﬁle& oﬂintérﬂ]aétateadmmp:osﬁwﬁ()?%

sul fur. Too S adversely_affects the ductjli hness, and
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not nore than phoute Qe Qﬂ,;%e%@lu{%gsf&fl&gjl% ggmﬁg(pt more than about 0.013%in
this alloy. At |least about 14.00% and preferably at |east about 14.25%

chromumis 3 28 August 2003 present in the alloy to provide an adequate
| evel of corrosion res hr i resent in excess
of about 15.50%t he fcbﬁﬂr}fi‘npﬁg%hdﬁjﬁ% K ﬁﬂ\kﬁﬁrfoﬁ Ther ef ore,
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chrom um i s restri qgheehtértitileling dabidh anﬁ%geﬁ%reﬁ@%@ﬁd tOIHF RiveRly to not
nore than about 15.25%in this alloy. 5 At |east about 3.50% preferably at

| east abolft 4 tlageHosninerddr to bensfie ermadhinability of the alloy. Therefore, the alloy

contains not more than about 0.030% each of carbon and nitrogen and preferably

not more than about 0.025% of each of those elements. Carbon and nitrogen are
strong austenite stabilizing elements and limiting them to levels that are too low
leads to the formation of undesirable amounts of ferrite in this alloy. Therefore,
20 at least about 0.010% each of carbon and nitrogen is preferably present in the
alloy.
This alloy contains a controlled amount of sulfur to benefit the
machinability of the alloy without adversely affecting the ductility, toughness,
and notch tensile strength of the alloy. To that end, the alloy contains at least
25 about 0.005% and preferably at least about 0.007% sulfur. Too much sulfur
adversely affects the ductility, toughness, and notch tensile strength of this alloy.
Therefore, sulfur is restricted to not more than about 0.015% and preferably to
not more than about 0.013% in this alloy.
At least about 14.00% and preferably at least about 14.25% chromium is



the alloy to maintain good toughness and ductility. N ckel also benefits
the austenite phase stability of this alloy at the | ow | evels of carbon
and nitrogen used in the alloy. The strength capability of the alloy in
the aged condition is adversely affected when nore than about 5.50% ni ckel
is present because of inconplete 10 austenite-to- martensi%g tranigﬁ mat i on
(i.e., retained austenite) at room tenperature. Therefor ,Atuﬁ\lsg oy
contains not nore than about 5.50% nickel. At |east about 2.50% preferably
at | east about 3.00% copper is present in this alloy as the primary

preci pi t at i onptiesenténtbagllay taprovide ah adequiate lexpd ofiearthsiinmgsistaneet t r eat nent ,
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t he potenti al n#%rg%ﬁ%)?lr‘{:htegﬁgn ﬁﬁgﬁ&%ﬁﬁf%ﬂtb—é:&gogﬁ @?qg%\%&%gﬁ%?dégﬂegﬁ%y aff ect
the alloy's pffasel whabinbid thabybqut 6:50% migkel ¢4 presencbevassesotiihempléter ef or e,
while this alloy nay contain up.to abobu 1. 00% nol ybdenum it preferably

contai ns Hot ABTEIEHAMArEY R rasEunation (i5adraned AT 4R8Nt of ni obi um
is present ingd,esyalel %e&ﬁér%isl aYlogr%%ﬁai%s 28t Jﬁg‘%ﬁéﬂ A5985 sbahiikigi ng agent

agai nst the formation of chromumc onitri Ich are deleterious to
corrosi on resi st and¢leagimbohtl.5edprefeeatdy higast e i39%hicopparns presein anount

equi val ent to_.at |east, about five tines the. amount of. carbon . n the alloy
(0. Too niEhe GBI RAR eGP hatdehing Rectl EOFbG ST HHPYgen
level s 5 presggit tichtniddt, Sh@hll BYachfedbSRbstaN e SEbnthdnpigMidueh td  ni obi um
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carboni tri des pfaelsélﬁ in this alloy in amounts ranging from 2.50 to 4.50% to provide the desired

precipitation hardening response. Too much copper adversely affects the

austenite phase stability of this alloy and can lead to formation of excessive

austenite in the alloy after the age hardening heat treatment. Therefore, copper is

20  restricted to not more than about 4.50% and preferably to not more than about
4.00% in this alloy.

A small amount of molybdenum is effective to benefit the corrosion
resistance and toughness of this alloy. The minimum effective amount can be
readily determined by those skilled in the art. Too much molybdenum increases

25 the potential for ferrite formation in this alloy and can adversely affect the alloy’s
phase stability by promoting retained austenite. Therefore, while this alloy may
~contain up to about 1.00% molybdenum, it preferably contains not more than

about 0.50% molybdenum.

A small amount of niobium is present in this alloy primarily as a



adversely affect the alloy's toughness. Furthernore, excessive niobium
results in the formation of an undesirable anount of ferrite in this
alloy. Therefore, 10 niobiumis restricted to not nore than about 0.30%
better yet to not nore than about 0.25% and preferably to not nore than
about 0.20% Those skilled in the art will recognize tha% élant atlhg@gemay be
substituted for sone of the niobiumon a weight percent 8a IgHs ver,
tantalumis preferably restricted to not nore than about 0.05%in this
alloy. 15 A srmall but effective anount of boron may be present in anounts
up to about €allizidgrgerteganstihyfompation efixboemidnOcBbnitridepwhishiare t he hot
wor kability of . this alloy.. The. bal ance_of t al,l o anposition is iron
excent. fort necleistiafs Siehiiipd FEistRsndo At euhisAlp Lot PaRRE it h dn
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service. For exanple, alumnumis restricted to not nore than about 0.05%

and pr ef er abl (9>¢Chckoomreh ninbivma paticulprly abts lew caben ard nigpgerelesels e
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wei ght pellcenfiopiigyissestietd (yagt more than abgulcbit%4: PRIChYE PBPlemPirdhhbout 2
volume per cegbou YoisoR0nf Beilrkly (P ERh b U206, 11138 4ol inthe O] %

ferrite, in the anneal ed condition. all oy according to this invention
i s preferabl yanwstill eetolgyize Hob tamtBurin makydtei substiteted iforgsofi df)the diabiumeaon @l so be

arc-nelted in air (ARQ).. The alloy js .refine vacu arc, renelting
~ (VAR) or el ectif é@rc?'ér]?@flf'i h‘gw E‘%@apta’]l‘ﬁ%ls @F%B@?%ﬁ’éfﬁmﬁge@ﬁ? 5aLLets ti“?fl vari ous
pr oduct forrrsaj,(gmloqgio/glgltmsla{n@?., bar, rod, and wre. The alloy nmay al so be
used to fabricate a variety of machined, corrosion resistant parts that

requi re hisgh strendt$mahbutedieetiecuwegsborpmnay bspedsertrig amounts up to
about 0.010%, preferably up to about 0.005%, to benefit the hot workability of
this alloy.
The balance of the alloy composition is iron except for the usual

impurities found in commercial grades of precipitation hardening stainless steels

20  intended for similar use or service. For example, aluminum is restricted to not
more than about 0.05% and preferably to not more than about 0.025% in this
alloy because aluminum can form aluminum nitrides and aluminum oxides which
are detrimental to the good machinability provided by the alloy. Other elements
such as manganese, silicon, and phosphorus are also maintained at low levelé

25  because they adversely affect the good toughness provided by this alloy. The
composition of this alloy is balanced so that the microstructure of the steel
undergoes substantially complete transformation from austenite to martensite
during cooling from the annealing temperature to room temperature. As

described above, the constituent elements are balanced within their respective



10 products are valve parts, fittings, fasteners, shafts, gears, conbustion
engi ne parts, conponents for chem cal processing equi pnent and paper ml |
equi pnent, and conponents for aircraft and nucl ear reactors. The uni que
conbi nati on of properties provided by the alloy according to the present
invention wll be appreciated better in the light of the l,| oW 5
exanpl es. EXAMPLES |In order to denonstrate the unique coér%AH 'tlsltgﬁo%f
properties provided by the alloy according to the present invention,

exanpl es of the alloy were prepared 20 and tested relative to conparative
al | oys. ExanpWeight pergent fanges ,Suogahﬁ theealishyi qegtadigspod gioneithen pbary G-vebumels, wer e

vacuum i nductj an |t and cast ;as single 7.5 "- i.ngots. The
chem cal anal eérggnt YOI'O/ngef%& I?{szefasb%é?% I%%S&%ani a??o?taif@% Ferrrlltev\érlx gnt percent.
Heat 1 is an exaapdeonditibhe steel according to this invention. Heats A B,

and C are conparative alloys. 28 August 2003 TABLE | El ement (weight
percent) Heat No. & dinctio NS dty epgien is preferably melted by vacuum

lPSECR

1.020.30.42.0 9 (4. G2 . 01<. -0l .
51 020. 30. 40, SR HAES YA B ARpOATARH T HERRRG). The alloyis
B. 036. 31. 41. 0Zmed 03 Vacuuld aloFethOlBing OV ARY 0P dlectdékld), @héRRlg. (ESR). The
C. 035.30.41.021. 00915. 134. 66, 103. 31. 26<. 01<. 0010. 017Bal . .The i ngqats were
press-forged #Bovimaygearadugsd ingouspigded fergnsdnduding billey,dagiradnandound bars,
and t hen hot I oo 1l : atj on
anneal ed by hggliei ﬁg‘e:aﬁg%n?g%a Otbgrrugéeﬁr ?ﬁ?%C%AX%PP@§%%%€ C(?lgésl[%ﬂne hour
at that tenperaistantparnitiat requiretspk strepginahi gupdttoughmess. tAanprey achiead  Fur t her
et WL e I
the bars to apads chinPbidhtHoR BRINGiCaIPro Qs8R equigientTng ‘b@férrn'ﬁﬂtegﬁﬁbnﬁﬁﬂﬂ
mechani cal properties of the bar products were evaluated and conpared
rel ative to thed cempéncatsdon siraift AMBEEBEOreaTid.e 11 shows that little or no
ferrite was presentrhin the micro trUfcturerF of the %ol utilon- .

€ unique combinaftion of propetties provideéd by the alloy according to

the present invention will be appreciated better in the light of the following

15 examples.

EXAMPLES
In order to demonstrate the unique combination of properties provided by
the alloy according to the present invention, examples of the alloy were prepared

20 and tested relative to comparative alloys.

-Example 1

Four heats, each weighing approximately 400-pounds, were vacuum-
induction melted and cast as single 7.5"-square ingots. The chemical analyses of
25  the heats are shown in Table [ in weight percent. Heat 1 is an example of the

steel according to this invention. Heats A, B, and C are comparative alloys.



anneal ed 0.625" diam bars. 20 TABLE Il (FERRI TE CONTENT | N ANNEALED BARS)
25 30 Heat No. Ferrite Content (Volunme Percent)* 1 0.09 A None Detected B
None Detected C 0.08 AMS 5659 2 Maxi mum * Measured fromtint-etched
| ongi tudi nal netal | ographi c specinens via image analysis of 100 fields at
1050x screen magnification. A conparison of roomterrperatigg g@sgag tensile
properties and 35 hardness of the four alloys in the annea ed=CoAdition is
given in Table I1l. The data presented in Table Il includes the 0.2%
offset yield strength (.2%Y.S.) and -7 28 August 2003 ultimate tensile
strength (UTS) in ksi (MPa), the percEABL&#lbngation in 4 dianeters (%
Elong.), the reduction in area (% . t.he Rockwel | C hardness (HRC).
5TABLE 111 (LONG TUDI NAL SMOOTH RITES AND HARDNESS OF ANNEALED
BARS) Snoot h HeepNe.|@ Plmpélt ibs (1) Cioat Mg, CoolNy Ja JBS ol oy, 9RA HRC
(2) 1135.0 149.16 18210.390. 82 392IA1.8%. IH.874F/25 .196. 3307A55<31<9H0@814 3B 155. 3
15.8 73.9532 CI38. $20134. 0405.081 7.0018143%2.45/02010ANVB3GE59 <01 1.PGL0MEK . Bal.

B .036 31 .41 .021 <001 15.11 459 .10 3.30 .26 <.01<.0010.017 Bal

C .035.30 .41 .021 .009 15.13 466 .10 3.31 26 <01<.0010.017 Bal.

The ingots were press-forged to 4" square billets, cogged to a 2.125"

10 diam. round bars, and then hot rolled to 0.6875" diam. bar. All the bars were
solution annealed by heating them to a temperature of 1040C, soaking for one
hour at that temperature, and then water quenching to room temperature. Further
processing consisted of straightening the annealed bars, turning to 0.637" diam.,
restraightening, rough grinding to 0.627" diam., and then grinding the bars to a

15 finish diameter of 0.625".

The microstructure and mechanical properties of the bar products were
evaluated and compared relative to the requirements of AMS 5659. Table 11
shows that little or no ferrite was present in the microstructures of the solution-

annealed 0.625" diam. bars.

_ 20
TABLE I
(FERRITE CONTENT IN ANNEALED BARS)
Heat No. Ferrite Content (Volume Percent)*
25 1 0.09
A None Detected
B None Detected
C 0.08
AMS 5659 : 2 Maximum
30

* Measured from tint-etched longitudinal metallographic specimens via image analysis
of 100 fields at 1050% screen magnification.

A comparison of room-temperature smooth tensile properties and
35  hardness of the four alloys in the annealed condition is given in Table III. The

data presented in Table III includes the 0.2% offset yield strength (.2% Y.S.) and

-7 -



(1) Average of duplicate specinens. (2) Average of four measurenents taken
at mdradius location. 25 (3) Converted fromHB scale. 39.1 max. (3) A
conpari son of roomtenperature snooth tensile properties and hardness was
al so devel oped for the alloys in the various aged conditions 30 specified
in AMS 5659. Results are presented in Table IV including %ﬁg Osﬁ% fffset
yield strength (.2%Y.S.) and ultinmate tensile strength (tTSPeY pg (MPa) ,
the percent elongation in 4 dianmeters (Elong.), the reduction in area (RA),
and the Rockwell C hardness (HRC). 35 8 28 August 2003 TABLE IV

( LONG TUDI NALulgnB®TinsikeNgengh PEDSERTHsEQVRADtheARBNESSo@RtiaGED4 HARDENED BARS)

Frotot 1 poootiigsteh” bl Gl riiRliol T e pbl a0 KUy L CREHE 0 66

193.6 199.7 1MRCcH9. 6 43

5 ’ TABLE II1
(LONGITUDINAL SMOOTH TENSILE PROPERTIES
AND HARDNESS OF ANNEALED BARS)

Smooth Tensile Properties M

N HeatNo. 2%Y.S. _UTS %Elong.  %RA HRC @
1 135.0 149.6 15.9 70.8 31
A 139.1 149.5 16.3 775 31
N B 143.6 155.3 15.8 73.9 32
C 138.6 154.0 15.5 70.8 32.5
20 AMS 5659 — 175 max. — — 391 max®

(1) Average of duplicate specimens.
(2) Average of four measurements taken at midradius location.
25 (3) Converted from HB scale.

A comparison of room-temperature smooth tensile properties and
hardness was also developed for the alloys in the various aged conditions
30 specified in AMS 5659. Results are presented in Table IV including the 0.2%
offset yield strength (.2% Y.S.) and ultimate tensile strength (UTS) in ksi (MPa),
the percent elongation in 4 diameters (Elong.), the reduction in area (RA), and the

Rockwell C hardness (HRC).

35



C 66 190.6 199.3 14.4 59.7 43 AMS 565966170mi n. 190ni n. 10m n. 35mi n.
41.8-47.1(4) 15 1H925178.7 186.714.455.6 41 A66178.6 185.314.555.1 41
B179.8 184.916.464.9 41 (C64177.6 184.916.761.6 41 20 AVB 565946155mi n.
170m n. 10ni n. 38m n. 40. 4-45. 7(4) 1H1025159. 6 163.815.362.1 36 25A157.8
162.516.163. 6 36 B64160.5 164.016.165.6 36 C44159.6 163.3 .165.? @9 AVB
565946145m n. 155mi n. 12min. 45mi n. 35.5-43. 1(4) 30 1 H1150°1988%1¢9% ¢ 21.3
68.9 30 A 66 115.8 138.6 23.3 73.2 30 B 46 113.3 138.2 21.7 71.7 30 35 C
109.6 138.1 21.8 70.2 30 AMS 5659 44 105mi n. 135mi n. 16nin. 50m n.
28.8-37.9(4) (1) Average of duplicat @ARBEINens. 40 (2) Aging cycles are

cool | r105: ~1005PLQNRATIINAY, sydpT At eRBFRTIS SN0 (ool G5’

(3) Average of four neasHARBNESS OF AGKBrRARDIEINEPBARS) scale. 9

S

5 Smooth Tensile Properties

Heat No. Condition® 2% YS UTS Elong. RA  HRCY

1 H900  189.8 199.0  14.1 51.4 43
A « 192.8 198.6  14.5 56.6 43
0 - B “ 193.6 199.7  14.8 59.6 43
C “ 1906 1993 144 59.7 43
AMS 5659 « 170min. 190min. 10min.  35min. 41.8-47.1¥
15
1 H925 1787 1867 144 55.6 41
A “ 178.6 1853 145 55.1 41
B “ 179.8 1849 16.4 64.9 41
C « 177.6 1849  16.7 61.6 41
20
AMS 5659 “ 155min. 170min. 10min. 38min. 40.4-45.7%
1 H1025 1596 163.8 153 62.1 36
25 A “ 157.8 1625  16.1 63.6 36
B “ 160.5 164.0  16.1 65.6 36
C « 159.6 1633  16.1 65.4 36
'AMS 5659 « 145min. 155min. 12min. 45min. 35.5-43.1%¥
30
1 H1150 1153 139.0 21.3 68.9 30
A o 1158 1386  23.3 73.2 30
B « 1133 1382 217 71.7 30
35 C =< 109.6 138.1  21.8 70.2 30
AMS 5659 « 105min. 135min. 16min. 50min. 28.8-37.9%¥

(1) Average of duplicate specimens.
40 (2) Aging cycles are defined as follows:
H900: 900F/ 1 hour/ air cool
H925: 925F/ 4 hours/ air cool
H1025: 1025F/ 4 hours/ air cool
H1150: 1150F/ 4 hours/ air cool
45 (3) Average of four measurements.
(4) Converted from HB scale.



28 August 2003 The data presented in Tables Il and IV show that the
hardness and snooth tensile properties of the four alloys are simlar and
that they all satisfy the requirenments of AMS 5659 under the respective
heat treating conditions. The machinabilities of the anneal ed 0.625" diam

bars of each alloy 5 were tested by enploying a Brown an tramatic
(single spindle) Screw Machine. Spindle speed was utili ?%&&%&F%@ vari abl e

test paranmeter. Three tests were conducted on all four heats at speeds of
95.5 and 104.3 surface feet per mnute (SFM. A given trial was term nated

for one of two reaSOtheBdatd)?tl'eﬁent@lrlﬁWfable@XH@ﬁdimgh(ﬁﬂ ﬂﬁBtheaﬁr@esmnlt of tool
wear (Part Growt@g orb) at least 400 10 parts were machined wt 0. 003"
part growth (&8 ﬁQﬂSﬂﬁuE@Peﬂ@&f)ﬁ@lﬁrf@mﬁueys arg §imifagjand; that thgytaﬂlsptas on for

test term nat EF:@O crew nmachi ne
test paranet e%gl gﬁ rg§ﬁ%@§5§§"ﬁ@§€tﬂ : pg&l‘%gb%tgﬁ%%lﬂglc%nc udi ng the spindle
speed (Spindle Speed)Tlﬁdtn&EPMabilit&smﬂtmeinneeﬂecb@x&@ dismcharnieficachatlay Part s)

and the reason for termnating each test (Reason for Te Term nation).
20 25 30 35 msméewmwomﬂmw Sherpo Uil (A@m@e Reason

D sconti nueq M, BRRflEpoReet: BiAY LBl andRe Balgrhdet Phed il 5 240
Part Gowh %@ @nd6Qedan tll Gruohedts atlPéeds 6. 5Randt1 0&3omtfhace feet per

minute (SFM). A given trial was terminated for one of two reasons a) part

growth exceeding 0.003" as a result of tool wear (Part Growth) or b) at least 400

10  parts were machined without 0.003" part growth (Discontinued). Catastrophic

tool failure, a third reason for test termination, was not experienced in this

testing. The screw machine test parameters and results are provided in Table V,

including the spindle speed (Spindle Speed) in SFM, the number of parts

machined (Total Parts) and the reason for terminating each test (Reason for Test

15 Termination).

TABLE V
20 (SCREW MACHINE TEST RESULTS FOR
ANNEALED BARS)
Reason for Test
Heat No. Spindle Speed__ Total Parts Termination
25 1 ’ 95.5 400 Discontinued
« 95.5 400 Discontinued
« 95.5 370 Part Growth
“ 104.3 240 Part Growth
30 « 104.3 180 Part Growth
“ 104.3 230 Part Growth
A 95.5 110 Part Growth
“ 95.5 110 Part Growth
35 « 95.5 160 Part Growth

-10 -



A 95.5 110 Part Gowh " 95.5 110 Part Gowh " 95.5 160 Part G owh -10
28 August 2003 GG 104.3 90 Part Gowh 104.3 80 Part G owh 104.3 80 Part
Gowh 5 B 95.5 40 Part Gowh 95.5 30 Part Gowh 95.5 30 Part Gowth LL
10 LG GG 15 104.3 30 Part Gowh 104.3 40 Part Gowh 104.3 45 Part
Gowmh C95.5 90 Part Gowh " 95.5 90 Part Gowh " 95 80 P 6 G ow h
LG GG 20 104.3 50 Part Growth 104.3 60 Part Growth 104, 2 ABEWEA00% oue h
(1) A rough formtool feed rate of 0.002 ipr (inches per revolution) was
utilized for all tests. Set forth in Table VI is a summary of the data
presented in Table V above, incll0d3ng the nun8ér of paPatGrewthi ned at each
spi ndl e speed (Parts 25«Machi ned)jg4.3he nmean anggpst andar gaglexdwdn on val ues
for the conparative allqys

104.3 80 Part Growth

5 B 95.5 40 Part Growth
¢ 95.5 30 Part Growth

« 95.5 30 Part Growth

« 104.3 30 Part Growth

10 ¢ 104.3 40 Part Growth
« 104.3 45 Part Growth

C 95.5 90 Part Growth

“ 95.5 90 Part Growth

15 « 95.5 80 Part Growth
¢ 104.3 50 Part Growth

« 104.3 60 Part Growth

« 104.3 60 Part Growth

20

(1) A rough form tool feed rate of 0.002 ipr (inches per revolution) was utilized for all tests.

Set forth in Table VI is a summary of the data presented in Table V
above, including the number of parts machined at each spindle speed (Parts
25 Machined). The mean and standard deviation values for the comparative alloys
are also shown.

TABLE V1

30 (SCREW MACHINE TEST RESULT SUMMARY
ANNEALED BARS)

Heat No. Parts Machines at 95.5 SFM Mean Standard Deviation

1 >400%, >400%*, 370 — —
35 A 110,110, 160 127 28.9
B 40, 30, 30 33 5.8
C 90, 90, 80 87 5.8

* Test discontinued because of runout.
40

-11 -



are al so shown. 30 TABLE VI (SCREW MACHI NE TEST RESULT SUWMMARY ANNEALED

BARS) Heat No. Parts Machines at 95.5 SFM Mean Standard Deviation 1 >400%,
>400*, 370 - 35 A 110, 110, 160 127 28.9 B 40, 30, 30 33 5.8 C 90,90, 80
87 5.8 * Test discontinued because of runout. 40 -11 28 August 2003 5 Heat

No. Parts Machi nes at 104.3 SFMvkanSt andard Devi ati on 1240 %gg 2?ﬁ§%732.1
A90, 80, 80835.8 B30, 40, 45387.6 C50,60, 60575.8 Wen vi evx% g‘bsé , the

data in Tables Il to VI showthat Heat 1 provides a significantly better
conbi nati on of properties relative to Heats A, B, 10 and C, because it

provi des superi {eat®@hi NPRIts Mchihisl 5t 10838ENNIVgan heStafid@hbDeéviationd

m crostructural property requi AMS 56 Exanpl Six 400 |b.
heats were vacuum |Pnducti on ne 2ng‘é%szgﬂcast as 2197/2 " ingg § 15 The

chenical analyses &f the heats ¥h&80stbwn in Tabl® Vi1 in wePght percent.
Heats 2, 3, and 4 Bre exanpl es 30, 40ju5 steel acco3gling to thés invention and

Heats D, (.E, and F~are conpar ati oys. TABL 1 20El eprgnt (wei ght
percent) “Heat No.CMVhSi PSCr N Nb%qg%g%dBNFe =7 518

When viewed together, the data in Tables II to VI show that Heat 1
provides a significantly better combination of properties relative to Heats A, B,
10 and C, because it provides superior machinability while maintaining the

mechanical and microstructural property requirements of AMS 5659.

Example 2

Six 400 1b. heats were vacuum induction melted and cast as 7%z " ingots.
15 The chemical analyses of the heats are shown in Table VII in weight percent.
Heats 2, 3, and 4 are examples of the steel according to this invention and Heats

D, E, and F are comparative alloys.

TABLE VII

20 : Element (weight percent)
HeatNo. € Mn Si P S Cr Ni Mo Cu Nb Ta B N Fe

2 022 45 23 026 .006 1531 473 .25 3.78 21 <01 <0010 .017 Bal
026 .51 48 023 014 1532 428 .12 328 20 <01 .0011 .018 Bal
020 51 45 028 .011 1528 480 .27 3.16 .20 <01 .0020 .013 Bal
25 022 .44 23 028 .003 1529 473 25 379 45 <0l <0010 017 Bal.

034 63 49 .025 020 1571 429 .12 329 26 <01 .0011 .017 Bal

mom g e W

020 52 45 .026 .018 1556 481 .27 3.16 22 <01 .0021 .013 Bal

Heat 2 was prepared for comparison with Heat D, Heat 3 was prepared
30  for comparison with Heat E, and Heat 4 was prepared for comparison with Heat
F. The ingots were press forged to 4" square bars as described above in Example
1. The 4" square bars of Heats 2 and D were further processed to 5/8" diam.
round bars as described above in Example 1.

A comparison of the room-temperature, longitudinal smooth tensile

-12 -



2.022. 45. 23. 026. 00615. 314. 73. 253. 78. 21<. 01<. 0010. 017Bal .

3.026.51.48. 023. 01415. 324. 28. 123. 28. 20<. 01. 0011. 018Bal .

4.020.51. 45. 028. 01115. 284. 80. 273. 16. 20<. 01. 0020. 013Bal .

25D. 022. 44. 23. 028. 00315. 294. 73. 253. 79. 45<. 01<. 0010. 017Bal .

E. 034. 63. 49. 025. 02015. 714. 29. 123. 29. 26<. 01. 0011. 017Bal .

F. 020. 52. 45. 026. 01815. 564. 81. 273. 16. 22<. 01. 0021. 013Bal . HEtU&$H4%03% epar ed
for conparison with Heat D, Heat 3 was prepared 30 for conparison with
Heat E, and Heat 4 was prepared for conparison with Heat F. The ingots were
press forged propétiesandiiagddess of Heatsl2 and Dhedhedmeaed md&lam'ﬂ enditionT e 4"

square bars of Heats and D were further proce diam round
bars as descr®H&yly Yk Asgnd ¥ 1B Prigr tod i‘ﬁﬁaréf’ ‘H‘é‘ 8§ Cenper at ur e,

L ongi tudi nal SiHOLA of AHC 61 1 Lgmg&dﬁﬁay@he?@%cmp%%lb&éq%n@yw%éwa&mess of

Heats 2 and D 1 n the anneal ed H1150 conditions is iven i n Tabl es
VI11 A and VI | ¢d8h heativare hige hardé¢red y hehtngarid SoF fela%houreand ﬂmnelr canlnéal ed at

1040C, 101 1 DB 10 SHE0 M e HEOE Ly B BRRTL s 5 Pt o, oo

cool ed. 5 Thegdabs (pzmeggagd hﬁﬂ@@{eﬁme\étﬂehgmmq“syiﬂ tBaups), uc&qaemat 0. 2%

offset yield strength (.2%Y.S. ultimate tensile strenth(UTS) in
ksi (MPa), tthpMmamm4dmnm4iqa1(%(ﬁiongw) 4hfdlleémtt0@r18 are( RAY apd thene reducti on

ot o ance. ar kAL R SR, ARa e PIRT PR BT IP I | s seso

10 TABLE VI I | Rardb& Heﬁﬁgﬁ{glsbélﬂmmssssﬁND HARDNESS OF ANNEALED BARS)
15Anneal ed Bar Properties (1) Heat No..2% Y. S. UTS%El ong. %RAHRC ( 2)

2143. 31480215. 570. 431 D134.1138. 515. 772 827.5 20 AMS 5659 - 175 nax.
TABLE VIIIA
(SMOOTH TENSILE PROPERTIES
AND HARDNESS OF ANNEALED BARS)

4

15 Annealed Bar Properties
HeatNo. 2%Y.S. _UTS %Elong.  %RA HRC ?
2 143.3 148.2 15.5 70.4 31
D 134.1 138.5 15.7 72.8 27.5
20
AMS 5659 — 175 max. — — 39.1 max.

(1) Average of duplicate .250" diam. gage smooth tensile specimens.
(2) Average hardness on cross section of bar at midradius.
25

-13 -



(1) Average of duplicate .250" diam gage snooth tensile specinens. (2)
Aver age hardness on cross section of bar at mdradius. 39.1 max. 25 28
August 2003 TABLE VII1B (SMOOTH TENSI LE PROPERTI ES AND HARDNESS OF H1150
BARS) 5 Age-Hardened Bar Properties (1) Heat No. .2%Y.S. UTS %l onp-. %RA
HRC 12) 2 111.4 138.0 22.4 69.4 29.0 D 125.2 138.2 21.1% .1 29 8 0 AMB
5659 105 min. 135 min. 16 min. 50 mn. 28.8-37.9 (1) Aver fgéu%‘rﬂa ?ﬁli cate
. 250" diam gage snooth tensile specinens. (2) Average hardness on cross
section of bar at mdradius. 15 Set forth in Tables I X and X are the
results of machinability testing of TABIE YIHB bars of Heats 2 and D in the
H1150 age- hardened conditio lts for duplicate
tests of each heat on the a@gﬁgﬁﬁﬁﬁ%@ﬁﬁﬁﬁﬂgﬁf&?descri bed i n Exanpl e
1 above, including the rel aAINRHARDNESSHOF T1180 BARSIND, 20 in wei ght
percent, and the nunber of parts machined (Total Parts) until test
termnation. In each case the spindle speed was 10443 SFM and the tool feed
rate was30.002 inches per redgt-Bardened BanPropertiespl = | X ( SCREW MACH NE
TEST RESULTS Hel Nbil159vA&ES.HARDERED BAR%Mon PpRATest HREA No. %€ ¥S

%N\b Tot al Parts Ter m na 22 .00 1 140 t Go 160 Part
Gowh D .022 2003 45513]82%”%3;3@ 224 St ol

D 125.2 138.2 21.1 73.1 29.0
10
AMS 5659 105 min. 135 min. 16 min. 50 min.  28.8-37.9

(1) Average of duplicate .250" diam. gage smooth tensile specimens.

(2) Average hardness on cross section of bar at midradius.
15

_ _ Set forth in Tables IX and X are the results of machinability testing of
the 5/8" bars of Heats 2 and D in the H1150 age-hardened condition. Table IX
shows the results for duplicate tests of each heat on the automatic screw machine
as described in Example 1 above, including the relative amounts of C, S, and Nb,
20  in weight percent, and the number of parts machined (Total Parts) until test
termination. In each case the spindle speed was 104.3 SFM and the tool feed rate

was 0.002 inches per revolution (ipr).

TABLE IX

25 (SCREW MACHINE TEST RESULTS FOR
H1150 AGE-HARDENED BARS)

Reason for Test

Heat No. %C %S %Nb Total Parts Termination

30 2 022 .006 21 140 Part Growth
160 Part Growth

D 022 .003 45 90 Part Growth

80 Part Growth

-14 -



80 Part G owmh 28 August 2003 Set forth in Table X below are the results of
duplicate tool life tests on each heat, including the relative anounts of
C, S, and Nb, in weight percent, the tool failure |imt (Tool Failure)
expressed in inches (cm to failure and tinme to failure (sec.), and the
volume of material cut fromthe test bar (Cut Vol. |n| éupg In this
test, lengths of bars of each heat were turned on a si ngl %8 n a3t he

enpl oying cutting tool having a T15 high speed steel insert. Accel erated
feed and nachining speed paraneters were selected to produce a

cat astrophic tool faétifortkein Bhble Kelmlwwwthe osniduattdeglivate tDOQIiEqdbst@Ib@ speed

of 200 SFM and tool . f.eed, rate, of 2 ipr. to hi eve mat er rem)val
o of 1 e sk b e Eg AR et of (RS SRR Ay P

AGE- HARDENED %R@)lugeﬁ-lfﬁf? TERFalliR) kﬁﬁ&ss&?m%s ﬂo'"ﬁh'l‘lﬁ% an® Gmfe4d V0| -
2.022.006 .21 2.12 7. 5 2.23 8.3.246 Avg. 2.18 8 241 20 D. 0%2 003 . 45

1.99 7.4.220 hilie (Secz) aﬁdlthAwglunle G'ﬁ)naeealmvfrgm tlrmstmf £CutValabn &g | X and X

o ovi des. Supeteol abhimeerety bt hen BRI b nl SEAEPaRTHOR 70
the age- har de&ﬁﬂlo?ﬁ@%&ir%ﬁo&l"ﬁa@ﬁ@@)ﬂﬁﬁgh bt Bteblindeab | RscedrAedfdd XI B ar e

~the results of snpboth and notch ‘tensile, inpact toughness, hardness, and
fracture tougﬁnﬂelgschllélsg spred pRrantaters wepmyelectedjo produgat satastrophicgooland F i n
t he H1150 agezharde Tabl r

| ongi t udi nal | iahlgﬁ e‘gﬁ és)‘bvg&cr?gﬁgaa 1t$ *ﬂb\d& ﬁ&?f;&g?gg%%’l\}g {'&)5 0c())r1 28 August
2003 transver felyatobf @82 ehrpachisrsmattiiel rems)uzhltrsms)lﬁ@m inimaid. es X A and
XIB include the .2% offset yield strength (0.2%Y.S.) and ultimte tensile
strength 10

TABLE X

(TOOL LIFE TEST RESULTS FOR
H1150 AGE-HARDENED BARS)

15 Tool Failure
Heat No. %C %S %Nb Inches Sec. Cut Vol.
2 022 .006 21 2.12 7.9 235
Avg. 2.18 8.1 241
20 '
D 022 .003 .45 1.99 7.4 220
Avg. 1.70 6.3 187
25 The data in Tables IX and X show that Heat 2, representing an alloy

according to present invention, provides superior machinability relative to Heat D
when the alloys are in the age-hardened condition (H1150).
Set forth in Tables XIA and XIB are the results of smooth and notch
tensile, impact toughness, hardness, and fracture toughness testing of the 4" bars
30 of Heats 3, 4, E, and F in the H1150 age-hardened condition. Table XIA presents
data for longitudinally oriented specimens and Table XIB presents data for

-15-



(UTS ) in ksi (MPa), the percent elongation in 4 dianmeters (% El ong.), the
reduction in area (% RA), the notched tensile strength (NTS) in ksi (MPa),
the 5 NTS/UTS ratio (NTS/UTS), the Charpy V-notch inpact strength (CVN) in
ft-lbs (J), the Rockwell C hardness (HRC), and the fracture toughness (KQ

inksi i n (MPaV-m. 28 August 2003 z \or cOi OM N ~n_N NN N
Nh 00 NN 000 bbOrndN NOO b, A knWNh,--~NwOOB#§EﬁRﬁ15tKRﬁTIINN

transversely oriented specimens. The results shown in Tables XIA and XIB
include the .2% offset yield strength (0.2% Y.S.) and ultimate tensile strength
(UTS ) in ksi (MPa), the percent elongation in 4 diameters (% Elong.), the
reduction in area (% RA), the notched tensile strength (NTS) in ksi (MPa), the

5  NTS/UTS ratio NTS/UTS), the Charpy V-notch impact strength (CVN) in ft-1bs
(3), the Rockwell C hardness (HRC), and the fracture toughness (Kq) in ksivVin
(MPav m).
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-18 28 August 2003 The data in Table XI A show that Heats 3 and 4, which are
all oys according to the present invention, although providing simlar
snooth and notch tensile properties and hardness relative to Heats E and
F, respectively, provide superior inpact toughness and f tur ughness
characteristics relative to those 5 alloys. Sinilar resulé@gﬁgﬁ?ﬁ& J
denonstrated in Table XIB for the transversely oriented specinens,

al t hough at somewhat | ower |evels than the corresponding | ongitudinal
properties. Good i npéht diteinghatds X1Ashow theat Heats 3tand ghwhsh aae alloysspeci al |y

inportant for materials used in critigcal structural conponents. nsi deri ng
the data. procHToRn & tebresdt yiention. ofihgugh progioie St Srogting neich

t oget her, theeénﬁ%e?;ﬁrsﬁéftiMWtfa%eM%EiEQfo HOPERAY FORsHctitEly eRellde

t oughness, ductility, and machinability provided by the alloy according to

the present supedertimpact tThghness ard frasthire squghasss omasacteristios tedativelie thosenpl oyed

her ei 1 f d i pti imtation. .Th i
ot enti o ity S Tl B Maelin Bl AR B e B Bsed Ui ng any
equi val ent s 0bridri&l PeBitRAL SltBbudeAHMeRhaNoNE: 18vidls thas eid doedsgindR@r t | ons

thereof. However, it is recognized that various nodifications are possible
wi t hi n the sclopgitedinglpeopertiasntGood impagt teughness and fracture toughness are

especially important for materials used in critical structural components.
Considering the data presented in Tables VIIIA, VIIIB, IX, X, XIA,
10 and XIB together, they clearly show the superior combination of strength,
_toughness, ductility, and machinability provided by the alloy according to the
present invention.
The terms and expressions which have been employed herein are used
as terms of description, not of limitafion. There is no intention in the use of such
15 terms and expressions of excluding any equivalents of the elements or features
shown and described or portions thereof. However, it is recog11ized that various

modifications are possible within the scope of the invention claimed.
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28 August 2003 5 10 15 C 0.030 nax. M1 0.50 max. Si 1.00 max.. P 0.025
max. S 0.007-0.015 Cr 14.00-15.50 N 3.50-5.50 M 1.00 max. Cu
2.50-4.50 Nb+Ta (5xC)-0.25 Al 0.05 max. B 0.010 max. N 0.030 max. 20 and
the balance is essentially iron and the usual inpurities. WHAT IS CLAI MED
IS: 1. A precipitation- hardenable, martensitic stainl esszggeel t%&)é)y,
consisting essentially of, in weight percent, about 2. A
preci pitation-hardenable, martensitic stainless steel alloy as set forth
in CQaim1l containing at | east about 0.010% carbon. 25 3. A
preci pitati onWidAddnallAdMERIS:ensitic stainless steel alloy as set forth
in Caim1l containing not nore than about 0.013% sulfur. 30 4. A
preci pitation-hardenable, martensitic stainless steel alloy as set forth
in Gaiml coptaining abcibRAh- Raaabl, %ﬁéﬁ‘élﬁi‘ﬁ!imlelés st@el alloy, cons1st1ngf
preci pitation-hardenable, martensitic $tainless steel alloy as set forth
in daiml comselnttaillyg)f,not\verngineemhlatnalabmut 0. 50% nol ybdenum -20 28 August
2003

5

C 0.030 max.
Mn 0.50 max.
Si 1.00 max..
p 0.025 max.
10 S 0.007-0.015
Cr 14.00-15.50
Ni 3.50-5.50
Mo 1.00 max.
Cu 2.50-4.50
15 Nb+Ta (5xC)-0.25
Al 0.05 max.
B 0.010 max.
N 0.030 max.
20 and the balance is essentially iron and the usual impurities.
2. A precipitation-hardenable, martensitic stainless steel alloy as set forth

in Claim 1 containing at least about 0.010% carbon.

25 3. A precipitation-hardenable, martensitic stainless steel alloy as set forth

in Claim 1 containing not more than about 0.013% sulfur.

4. A precipitation-hardenable, martensitic stainless steel alloy as set forth
in Claim 1 containing at least about 4.00% nickel.

30
5. A precipitation-hardenable, martensitic stainless steel alloy as set forth

in Claim 1 containing not more than about 0.50% molybdenum.
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6. A precipitation-hardenable, martensitic stainless steel alloy as set
forth in daim1 containing not nore than about 0.025 nitrogen. 7. A

preci pitation-hardenable, martensitic stainless steel alloy as set forth 5
in Caim1l containing not nore than about 4.00% copper. 8. A precipitation-
hardenabl e, martensitic stainless steel alloy, consistin ssentjal ly of,
in weight percent, about 10 15 20 C0. 025 max. WM10. 50 naxgz%gﬁg%%tzpr@

PO. 030 max. S0.007-0.015 Cr14.00-15.50 Ni 3.50-5.50 Mb0.50 max. Cu2.50-4.50
Nb+Ta(5xC)-0.25 Al 0.025 max. BO.005 max. NO.025 max. and the bal ance is
essentially i6on andA frecipsativn-hangamable] msrterfiicHtaimless steel alloy as set forth

preci pitation: hgydenable, martensitic ta%d;b s, steel alloy as set forth
"n Gl aim 8 coit Qe GORRNEEER Ts tangbOUdhO R BBED. 10, A

preci pitation-hardenable, martensitic stainless steel alloy as set forth

30 in daim8 containing not nore than about 0.013% sul fur. 11. A

preci pi t at i on7har denabprecipitatianehesddnablesmaiterisgipsstainless stegl pldgy asssesforthf or t h

in Caim@8 contajning not .nore than about 5% chrom um -21 28 August
2003 12. °A pr Ebaﬁiﬂf‘gtcioi}ﬁyﬂlég H%tﬁ’é%rfeg?mr?&f"t‘te%@o i“@PRTai nl ess steel alloy as
set forth

8. A precipitation- hardenable, martensitic stainless steel alloy, consisting

essentially of, in weight percent, about

10 C 0.025 max.
Mn 0.50 max.
Si 0.50 max..
P 0.030 max.
S 0.007-0.015

15 Cr 14.00-15.50
Ni 3.50-5.50
Mo 0.50 max.
Cu 2.50-4.50

Nb+Ta (5xC)-0.25

20 _ Al 0.025 max.
B 0.005 max.
N - 0.025 max.

and the balance is essentially iron and the usual impurities.

25
0. A precipitation-hardenable, martensitic stainless steel alloy as set forth
in Claim 8 containing at least about 0.010% carbon.
10. A precipitation-hardenable, martensitic stainless steel alloy as set forth
30 in Claim 8 containing not more than about 0.013% sulfur.
11. A precipitation-hardenable, martensitic stainless steel alloy as set forth

in Claim 8 containing not more than about 15.25% chromium.
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in CQaim8 containing at | east about 4.00% nickel. 13. A

preci pitation-hardenable, martensitic stainless steel alloy as set forth 5
in Caim8 containing not nore than about 0.20% ni obi um plus-tantalum 14.
A precipitation-hardenable, nmartensitic stainless steel alloy as set forth
in Caim8 containing at | east about 0.010% nitrogen. 10 A

preci pi tation-hardenabl e, martensitic stainless steel al |%’§AH%“S£%90% orth
in Caim8 containing not nore than about 4.00% copper. 16. A
precipitation- hardenable, martensitic stainless steel alloy, consisting
essential ly ofl2. i n wai ghtipieiondmtrdenablepmarténstiy sPhnl€ssGtdl OH®; G426t fokth 0. 50
max. Si 0.50, ..o P 0,025 max. . S 0.007-0. 013 Cr 14.25-15.25 N
4.00-5. 50 wblrg.gﬁeﬂmmw@g af lepgt @h%‘bgﬁg%r‘a"% “x C)-0.20 A 0.025 max. B
0.005 max. N 0.010-0.025 30 and the balance is essentially iron and the
usual inpurities. 28 August 2003 5 10 15 17. A steel article that provides
a uni que conbilhat i onAofrecipitdtiondizirdénplle, mareditEstginlessy steed aloy ahsst fartht y,  and

or el pi L8t  oniWalAIE AgBP B anar e Do GAbe G ARy oM O °

14. A precipitation-hardenable, martensitic stainless steel alloy as set forth

in Claim 8 containing at least about 0.010% nitrogen.

10 15. A precipitation-hardenable, martensitic stainless steel alloy as set forth

in Claim 8 containing not more than about 4.00% copper.

16. A precipitation- hardenable, martensitic stainless steel alloy, consisting

essentially of, in weight percent, about

15
C 0.010-0.025
Mn 0.50 max.
Si 0.50 max..
P 0.025 max.
20 S 0.007-0.013
Cr 14.25-15.25
Ni 4.00-5.50
Mo 0.50 max.
Cu 3.00-4.00
25 Nb+Ta (5xC)-0.20
Al 0.025 max.
B 0.005 max.
N 0.010-0.025
30 and the balance is essentially iron and the usual impurities.
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consisting essentially of, in weight percent, about: C 0.030 max. ©Mh 0.50
max. Si 1.00 max.. P 0.030 max. S 0.007-0.015 Cr 14.00-15.50 N
3.50-5.50 M 1.00 max. Cu 2.50-4.50 Nb+Ta (5xC)-0.25 A 0.05 max. B
0.010 max. N 0.030 max. 20 and the balance is essentially iron and the
usual inpurities. 18. A steel article as set forth in CI 3266 |n t he
all oy contains not nore than about 0.020 % carbon. 25 19 ﬁ“%‘f article
as set forth in Claim18 wherein the alloy contains not nore than about
0.20 % ni obium + tantal um

17. A steel article that provides a unique combination of machinability,

hardness, strength, ductility, and toughness, in the age-hardened condition, said
article being formed of a precipitation-hardenable, martensitic stainless steel alloy

consisting essentially of, in weight percent, about:

5
C 0.030 max.
Mn 0.50 max.
Si 1.00 max..
P 0.030 max.
10 S 0.007-0.015
Cr 14.00-15.50
Ni 3.50-5.50
Mo 1.00 max.
_ Cu 2.50-4.50
15 Nb+Ta (5xC)-0.25
Al ' 0.05 max.
B 0.010 max.
N 0.030 max.
20 and the balance is essentially iron and the usual impurities.
18. A steel article as set forth in Claim 17 wherein the alloy contains not
more than about 0.020 % carbon.
25 19. A steel article as set forth in Claim 18 wherein the alloy contains not

more than about 0.20 % niobium + tantalum.
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