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VEAR RESI STANT, POWDER METALLURGY COLD WORK TOOL STEEL ,
ARTI CLES HAVI NG HI GH | MPACT TOUGHNESS AND A METHOD FOR PRODUCI NG 4@@5%
SAMVE ' DESCRI PTI ON OF THE | NVENTI ON Fi el d of the

| nventi on The invention relates to wear resistant, powder netall urgy

cold work tool steel articles and to a nethod for their production by
conpaction of nitrogen atom zed, preall Q\,igd powder particles. The articles
are characterized by very high inpact toughness, which in conbination with

their good wear rethwgﬁsg:sgkgw,t#GWDERtMEvMLURGv@oLU WORKches,

di es, and other neta ST SAIQW@LESWQAVWGEI-H@I-?WPW@F- Background

of the Invention
many di fferent fa oS - thne- ue
t he presence or absence of |

operties of the tool

actual operating conditions, DERERICIIGN QP Iz INME

materi al s. IE-eqaldh&rm}!gnﬁbilcations, t he wear resistance, toughness, and
strength of T are generally the nost inportant factors

af f ecti ng servi ceThefinverdionreldtes ¢o wear resistant, powderanetailargyneoitd wark ¢ool
enpl oyed. In many applications,, wear resistance is the prgperty. which
control s ser§tegbart %a &‘Pééﬁeﬁhﬁdgp'h{heé’%{o Hmmgﬁ%ﬁ‘%&gﬁ&i)‘\me“

resi stance a ] Pred ' b & hetthik & charBteRsdLh :
The netall urgflé)crﬁa'?é?"act O?g?%ﬂ?ﬁ??fpﬁglc!%éww?hrgéia‘sP.t ance, toug ngggﬁpand
strengt h of highdmpack taughiness cwhichdn eombinationwith theitgoed svaar resistancenpl e,
I ncreasing the, he treat.e ardngss of any tool ste will _jincr.ease wear
resi st ance amkéﬁ%?'@éﬁ'@%&éawﬁaf In %Pa?:\é/sgld?fesn %&r@hggg‘q@\wg‘f‘nﬂiﬂg er,
di fferent toplquifiRfitiesedstopsftidsl t vastly different inpact toughness and -
wear resistance depending on the conposition, size, and the amount of

primary (undBackgreund ofthe daventiomhei r nicrostructure. Hi gh carbon,
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conditions, and ultimately the base properties of the tool materials. In cold work
applications, the wear resistance, toughness, and strength of the tool material
are generally the most important factors affecting service life, even where
coatings or surface treatments are employed. In many applications, wear
resistance is the property which controls service life, whereas in others a
combination of good wear resistance and very high toughness is required for
optimum performance.

The metallurgical factors controlling the wear resistance, toughness, and
strength of cold work tool steels are fairly well understood. For example,
increasing the heat treated hardness of any tool steel will increase wear
resistance and compressive strength. For a given hardness level, however,
different tool steels can exhibit vastly different impact toughness and wear
resistance depending on the composition, size, and the amount of primary
(undissolved) carbides in their microstructure. High carbon, alloyed tool steels;’
depending on the amounts of chromium, tungéten, molybdenum, and
vanadium that they contain, will form M,C; M,C, and/or MC-type primary



-2- " carbides in their nmicrostructure. The vanadiumrich MC-type carbide is
the hardest and therefore nobst wear resistant of the prinmary carbides
usually found in highly alloyed tool steels, followed in decreasing order
of hardness or wear resistance by the tungsten and nol ybdenumrich car bi des
(Merr]Ctype) and the chromumrich carbides (M/C3-type). For this reason,
alloying with vanadiumto formprimary MC-type carbides for increased wear
resi stance has been practiced in both conventional (ingot cast) and powder
nmetal lurgical tool steels for many years. .. The toughness of tool
steels is-largely dependent on the hardness and conposition of the matrix
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processing suc ype v fumric are essentl a t he
only pri mar y metatiingéically preduced)(PM) steelsotsioilar compositian; because of the

large primary carbides and heavily segregated microstructures that the ingot-
cast tool steels often contain. Consequently, a number of high performance,
vanadium-rich, cold work tool steels have been produced by the powder
metallurgy process including the PM 8Cr4V steels disclosed in U.S. Patent
4,863,515, the PM 5Cr10V steels disclosed in U.S. Patent 4,249,945, and the
PM 5Cr15V steels disclosed in U.S. Patent 5,344,477. However, in spite of the
great improvements in wear resistance or in toughness or in both of these
broperties offered by these PM steels, none of them offer the combination of
very high toughness and good wear resistance needed in many cutting,
blanking, and punching applications.

In work to further improve the toughness of cold work tool steels, it has
been discovered in accordance with the invention, that a remarkable
improvement in the impact toughness of wear resistant, vanadium-containing,
powder metallurgical cold work steels can be achieved by restricting the
amount of primary carbide present in their microstructure and by controlling
their composition and processing such that MC-type vanadium-rich carbides

are essentially the only primary carbides remaining in the microstructure after



-3- " hardening and tenpering. The notabl e inprovenent in toughness obtained
w tth the articles of the invention is-based on the findings that the inpact
t oughness of powder netallurgy cold work tool steels at a given hardness
decreases as the total anmount of primary carbide increases, essentially
I ndependent of carbide type, and that by controlling conposition and
processing so that substantially all the primary carbides present are
MC-type vanadi umrich carbides, the anobunt of primary carbi de needed to
achieve a given level. of wear resistance €&n be mnimzed. It has al so been
di scovered that in conparison to conventional ingot-cast tool steels with

conposi ti ons Hardehing drd fdhmur@f Theenatabledhprovdméiicinitonginiessobtalmsd
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car bi des. produces a significant change in the composition as well as in the size and
distribution of the primary carbides. The former effect is a hereto unknown
benefit of powder metallurgical processing for cold work tool steels, and is
highly important in the articles of the invention because it maximizes the
formation of primary MC-type vanadium-rich carbides and'largely eliminates
the formation of softer M,C, carbides, which in addition to MC-type carbides
are present in greater amounts in ingot-cast tool steels of similar composition.

It is accordingly a primary object of the invention to provide wear
resistant, vanadium-containing, powder metallurgy cold work tool steel articles
and a method for the production of these articles, with substantially improved
impact toughness.

This is achieved by closely controlling the composition and processing
of these articles to control the amount, composition, and size of the primary
carbides in these materials and to assure that substantially all the primary
carbides remaining in these articles after hardening and tempering are MC-
type vanadium-rich carbides.



-4- " . SUWMMARY OF THE | NVENTI ON : | n accordance
with the invention, there is provided a hot worked, fully dense, wear

resi stant, vanadiumrich, powder netallurgy, cold work tool steel article
havi ng hi gh inpact toughness and which is produced from nitrogen atom zed,
preal | oyed powders. The steel conposition limts are 0.60 to 0.95%
preferably 0.70 to 0.90 carbon; 0.10 to 2.0% preferably 0.2 to 1.0%
manganese; up to 0.10% preferably up to 0.05% phosphorus; up to 0.15%
preferably up to 0.03% sulfur; 2% nmaxi mu#g preferably 1.5% maxi num
silicon; 6 to 9% preferably 7 to 8.5% chromum up to 3% preferably 0.5

to 1.75% nol ybdenum up to 1%&@%@1&@!&]\%%1‘&%1 tungsten; 2 to
3.20% preferably 2.25 to 2.90% vanadium up to 0.15% preferably up to
0.10% nitrogen; lmécterdance withdhednvention, thereds provided aihet worked diully c| e,
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substantially all MC-type carbides within the range of 4 to 8 percent by volume

with the maximum size of the MC-type carbides not exceeding about six

microns in their longest dimension. The maximum carbon content does not

exceed the amount given by the formula:

%C paximum = 0.60 + 1.77(%V-1.0).

The article exhibits a Charpy C-notch impact strength exceeding 50 ft-Ib.

In accordance with the method of the invention, the articles thereof
within the composition limits set forth above are produced by nitrogen gas
atomizing a molten tool steel alloy at a temperature of 2800 to 3000°F,
preferably 2850 to 2950°F, rapidly cooling the resultant powder to ambient
temperature, screening the powder to about -16 mesh (U.S. standard), hot
isostatically compacting the powder at a temperature between 2000 and
2150°F at a pressure between 13 to 16 ksi, whereby the resulting articles after
hot working, énnealing, then hardening to at least 58 HRC, have a dispersion
of substantially all MC-type vanadium-rich primary carbides in the range of H
about 4 to 8 percent by volume and where the maximum sizes of the primary
carbides do not exceed about six microns in their largest dimensign and



V\/,nerbeby a CGnotch inpact strength of at least 50 ft-1b, as defined herein,
I.s achi eved. It is essential inregard to the articles of the

i nvention that their chem cal conposition be maintained within the broad
and preferred ranges given below. Wthin these ranges it may be

advant ageous to further balance the conposition to avoid the formation of
ferrite and unduly | arge anobunts of retained austenite during hardeni ng and
tenpering. Further, it is inmportant that the conposition be bal anced such
that substantially all the primary carbi dd€s remaining in the mcrostructure
of the articles after hardening and tenpering are vanadiumrich MCtype
carbi des. Fonyidteby '20@%dich irifactitieidth afatlehst 50 ftdb) &9 defihed hbreikasanced

wi th the vanadi um contents of articles by the follow ng fornul a: _
(%) [err] = Gachipv@d177(%/- 1. 0) El ement Broad Range
Preferred Range . . s r > g - 60 : 540. 90
MBnganese Jtis essgntial in regqu%%lthg%mcles of theom@_g_nf?or? ﬁ}]ag Stl?)%lg rctl}gm?&l
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Ni t rogen retaihelbaustenite during hatdeming and tempering. Further, it is limportant that
Bal ance Bal a

Use of carboih® ﬁomﬁl%g‘ bg Qﬁ\aQF?@ §Y4Rh é@é;@éﬁtﬁlﬁaﬂ 66%%&13707' g?%'aﬁg)s hi p
' ﬁg uces the igmalhifg in e mittostrictite st e driifles AfBP haRfening BAR!¥mpEriAGangi Ng
are vanadium-rich MC-type carbides. For this reason, the maximum amounts
of carbon must be balanced with the vanadium contents of articles by the
following formula: '

(%C) g = 0.80+0.177(%V-1.0)

IE Broad Range Prgrred Range
I Carbon* ' 0.60-0.95 0.70-0.80 _‘
I Manganese 0.1-2.0 0.2-1.00
“ Phosphorus 0.10 max 0.05 max "
" Sulfur 0.15 max 0.03 max
Silicon - 2.0 max 1.50 max "
Chromium 6.00-9.00 7.00-8.50 ll
“ Molybdenum 3.00 max 0.50-1.75
" Tungsten 1.00 max 0.50 max "
“ Vanadium 2.00-3.20 2.25-2.90
" Nitrogen 0.15 max 0.10 max Jl
" Iron Balance Balance

| -
L2 %y = 060+0177(%V:1.0) )

Use of carbon in amounts greater than that permitted by this relationship
reduces the toughness of the articles of the invention, largely by changing the



-6- conpositions and increasing the anounts of prinmary.carbide remaining
Ln.the mcrostructure after hardening and tenpering. Sufficient carbon nust
be present, however, to conmbine with vanadiumto formthe hard wear

resi stant carbides and also to increase the hardness of the tool steel
matrix to the levels necessary to avoid excessive deformation and wear in
service. The alloying effects of nitrogen in the articles of the invention
are somewhat simlar to those of carbon. Nitrogen increases the hardness of
martensite and can formhard nitrides andgcarbonitrides with carbon,

chrom um nol ybdenum and vanadi um whi ch can i nprove wear resistance.
rovever . i ! EBARBsIUndhcRldsifd i amBlnts Urprittitafbiae eAidifgif the
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However, excissoimorerthan abaut 0.15% or to the residual amounts |ntroduced during
melting and nitrogen atomizing of the powders from which the articles of the
invention are made.
It is also essential in accordance with the invention to control the
amounts of chromium, molybdenum, and vanadium within the above ranges to
obtain the desired combination of high toughness and wear resistance, along
with adequate hardenability, tempering resistance, machinability, and
grindability. _
Vanadium is very important for i mcreasung wear resistance through the
formation of MC-type vanadium-rich carbides or carbonitrides. Smaller
amounts of vanadium below the indicated minimum do not provide for sufficient
carbide formation, whereas amounts larger than the indicated maximum
produce excessive amounts of carbides which can lower toughness below the
desired level. Combined with molybdenum, vanadium is also needed for
improving the terhpering resistance of the articles of the invention.
Manganese is present to improve hardenability and is useful for
controlling the negative effects of sulfur on hot workability through the
formation of manganese-rich sulfides. However, excessive amounts of



-7- manganese can produce unduly | arge amounts of retained austenite
during heat treatnent and increases the difficulty of annealing the
articles of the invention to the | ow hardnesses needed for good
~machinability. Silicon is useful for inproving the heat treating
characteristics of the articles of the invention. However, excessive
anounts of silicon decrease toughness and unduly increase the anount of
carbon or nitrogen needed to prevent the formation of ferrite in the

m crostructure of the powder netallurgicalz.articles of the invention.
Chromumis very inportant for increasing the hardenability and tenpering
resi stance o d'n?ﬁ i ' ' VP \refai ' gt s of
chrom um fav@r gé %rc%gfq? gﬁ_& %éf hﬁg?ly?‘fs@édﬁ?%g@heat fa’['?gtﬁrgrgtﬁpngnd pronot e
t he for mati oheat treatmantyandrinoreiases the diffi¢ultyrofGnnealing fhe aisleswaf the ar e

harnful to the conbination of good wear . resista hness af f orded
by the articl¥&€n ‘P'T'lt?]g‘q ﬁ\y\éﬁ?qc@ﬁ.ssgs .neede ?’Mg’ﬁﬁ‘ﬁ%ﬁa&@&hrom um is very
useful for increagiligantié as&ful it aprovihy the Hehbliating charastetistios of tie t he
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harmful to the combination of good wear r_esistance and toughness afforded by
the articles of the invention.

Molybdenum, like chromium, is very useful for increasing the
hardenability and tempering resistance of the articles of the invention.
However, excessive amounts of molybdenum reduce hot workability and
increase the volume fraction of primary carbide to unacceptable levels. As is
well known, tungsten may be substituted for a portion of the molybdenum in a
2:1 ratio, for example in an amount up to about 1%.

Sulfur is useful in amounts up to 0.15% for improving machinability and
grindability through the formation of manganese sulfide. However, in
applications where toughness is paramount, it is preferably kept to a-maximum
of 0.03% or lower.

The alloys used to produce the nitrogen atomized, vanadium-rich,
prealloyed powders used in making the articles of the invention may be melted
by a variety of methods, but most preferably are melted by air or vacuum
induction melting techniques. The temperatures used in melting and atomizing
the alloys, and the temperatures used in hot isostatically pressing the powders
must be closely controlled to obtain the small carbide sizes necessary to



achi eve the high toughness and grindability needed by the articles of the
i.nventi on. BRI EF DESCRI PTI ON OF THE DRAW NGS

Figure 1 is a light photom crograph showi ng the distribution and size of
the primary MC-type vanadiumrich carbides in a hardened and tenpered,
vanadiumrich, particle netallurgy tool steel article of the invention
cont ai ni ng 2. 82% vanadi um ( Bar 90-80). Figure 2 is a light

phot om crograph showi ng the distribution and size of the prinmary
vanadiumrich MC-type and chromiumrich M8rr]Cerr]-type carbides in a
conventional ingot-cast tool steel (85CrVMb) having a conposition simlar
to that of Bachidelfie high toughniegs amrdyrirriabilty npbded byithe atticle®df thet  of
primary carbide content on the inpact toughness of hardened and tenpered,
vanadi um ri cHIVE@R®Aer metal | urgi cal cold work tool steels at a hardness of

60-62 HRC. (Longitudinal test direction.) Figure 4 is a graph
showi ng the effect of the anmounts of primary vanadl umrl ch MC-type carbide
on the netal to netal weaBRIEFiBESCRIPFION red, vanadl um

rich, powder netall ur col d work tool st eel ardn of 60- RC.
DESCRI PTI ON OF THEI )IQERFQERQ@ aph S"°WFBQ&% isdribition 3 si26 0

rinciples o ' ' y ur gi cal
p p F%%Qﬁgat‘aggrf %%u%?ﬁﬁmw&m ih f?ﬁéﬂbn@ﬂ"&i'ﬁ{temﬁ&bh g

al | oys were y nltro?en atom zat 1 on ction nelted
mat eri al s. Tkanadiani-tich, partiplesnetatiuegy fool pieet srticlehof theiigventiomcontaining

oM 20N Mgk AnaR IR g qYam 2D o o7 these ol Lovs are ol ven in Table
al | oys were obt ai Fiyhréfzjlstéﬁgfﬂ(bﬁdfémfdi’@@l%bh@i&wﬂ@ mébi%fﬁbmioncéﬁﬂ)%étdfons
of these commercial™ alloys are also given in . Nom nal
the primary vanadlum-nch MC-type and chromlum-nch M,C,-type carbides in a
- conventional ingot-cast tool steel (85CrVMo) having a composition similar to
that of Bar 90-80. .

Figure 3 is a graph showing the effect of primary carbide content on the
impact toughness of hardened and tempered, vanadium-rich, powder
metallurgical cold work tool steels at a hardness of 60-62 HRC. (Longitudinal
test direction.)

Figure 4 is a graph showing the effect of the amounts of primary
vanadium-rich MC-type carbide on the metal to metal wear resistance of
hardened and tempered, vanadium rich, powder metalilurgy coid work tool

steels at a hardness of 60-62 HRC.

DESCRIPTION OF TH FERRED EMBODIMENTS

To demonstrate the principles of the invention, a series of experimental
powder metallurgical alloys were laboratory produced by nitrogen atomization
of induction melted materials. The chemical compositions, in percent by
weight, and the atomizing temperatures where avaitable for these alloys are
given in Table I. Also, several commercial ingot-cast and powder metallurgy
wear resistant alloys were obtained and tested for comparison. The chemical "
compositions of these commercial alloys are also given in Table I. Nominal



-9-  cheni cal conpositions are given for those commercial alloys for which

actual  chem cal conpositions were not avail able. TABLE | -
Conposi tions of Experinental Materials Aton - Mat eri al Bar No. zation
C vh P S Si Cr Vv w Mo N O Tenp. [err]F
Experinmental PM Cold Wrk Toot Steels PM 3V*** 96- 280 - 0. 84
0.34 0.009 0.016 0.90 7.49 2.61 - ~1.37 0.043 0.016 PM 3\V***
96- 267 - 0.84 0.40 0.010 0.016 0.93 7.53 2.61 - 1.39 0.048
0.012 PM 3\V* ** 90-80* 2910 0.81 ®-36 0.01 0.003 0.91 7.40
2.82 - 0.96 0.045 0.0065 PM 110Cr VMb 91-65* 2860 1.14 O0.47.
0.012 0. 005¢he I?:oﬁﬁms&uo’?t%a"re énﬂ?th&&d&nn‘(ér&ﬁ?éllo s for which actual
Comrercial PM Co Wrk Tool Stee PM 8Cr 4V - 1.47 0.36
0.02 0. 027cbemical @oompositions were noj.ayallalul.elo 0. 007 PM M4 92-73
- 1.43 0.70 0.021 0.24 0.56 3.82 3.92 5.37 5.10 0.034 0.014 PM
12Cr4vV 90- &26 . ; 0
0. 067 - {pmi1ov. Q5. BLE | - Com ' Materlsn1Q 0 Q58 O 22
9.57 0.04 1.7 0.05}{ O0.0Lkem-| PM 15 89116 - 3. 55 .11 4
0.013 0.69 : : dbn POC OMO4 P j-5 | P <.I!8{V W 83901 BN o
3.98 0.60 0.{013 11.732?' 4.85 14.32 |- 1.36 . 044 - | Co r cifal
| ngot - Cast = — - . »
_ _ '0.30 - WPM_’CGI&WMI@S&* T D% K _ _
1.55 0.35 " |-96-2800. 45 La.86§0.34(.0069 | e.016 |0} e | 261| - | 137 lo.ou
85-65 - - . 0. 02 Yy U . D 12 )
0. 003 11 1ds -~ |oat o8| pono ooy |0 | Fsf 3grh 57 | Eaplboss) g
2.69 1.14 1. pPMW*04( 0210 | 0.81 | 0.36 | 0.01 | 0.003 |0.91] 7.40] 2.82] - | 0.96 |0.045} 0.
PM 110CrVMo | 91-65* | 2860 | 1.14 | 0.47.| 0.012 | 0.005 |1.10] 7.39] 2.53]1.10} 1.56 }0.045
Commerclal PM Cold Work Tool Sceels ..
|| PMBC4v | 89-19 | - |1.47]036] 002 |0027 [0.96{ 8.02] 448| - | 1.50 | 0.10 | 0.007
PM M4 9273 | - |1.43[0.70 |0.021 | 0.24 |0.56] 3.82] 3.92{5.37 5.10 [0.034| 0.014
PM12Ccr4v | 90-136 | - | 2.28 | 0.30 | 0.019 | 0.018 {0.36 |12.50| 4.60{0.17| 1.10 Jo.067] -
Irm tov  |95-154| - |2.45]0.52 0018 | 0.058 |0.90] 5.22| 9.57|0.04} 1.27 | 0.05 oousl
|| mMi1sv  |ee169| - |355(t11] - |oo13|oee| 464f15.21] - |1.29 Jooa| - |
II PM1sv  |89-182] - |398]os0| - |o0.013]132) 4851732 - | 1.36 |0.044| -
Commercial Ingot-Cast Cold Work Tool Steels
A2** - j1oofor0} - - |o30] s.25] 030| - | 115
H D-2** - - |issfo3s| - - lo4s}11.50f 090} - |o0.80 .
85Cr'VvMo | 8565 | - 1082 ]038) 002 |0004 |1.08]| 7.53] 2.63]0.12} 1.55 ]0.026| 0.003
110cvMo | 85-66 | - | 1.12 {030 002 |0.004 [1.05{ 7.48] 2.69(1.14| 1.69 |0.040( 0.002
D-7 7536 | - [235[034 002 | 0005 [0.32{12.75] 4.43

* Laboratory produced material
** Nominal chemical composition
*** Invention Steels

The laboratory alloys in Table | were processed by (1) screening the
prealloyed powders to -16 mesh size (U.S. standard), (2) loading the screened
powder into five-inch diameter by six-inch high mild steel containers,

(3) vacuum outgassing the containers at 500°F, (4) sealing the containers,
(5) heating the containers to 2065°F for four hours in a high pressure autoclave
operating at about 15 ksi, and (6) then slowly cooling them to room



D7 75- 36 - 2.35 0.34 0.02 0.005 0.32 12.75 4.43 0.26
1.18 0.037 0.0034 * Laboratory produced nateri al ** Nom nal
chem cal conposition *** ]nvention Steels The | aboratory
alloys in Table | were processed by (1) screening the prealloyed powders
to -16 nmesh size (U. S. standard), (2) |oading the screened powder into
five-inch diameter by six-inch high mld steel containers, (3) vacuum
outgassing the containers at 500[err]F, (4) sealing the containers, (5)
heating the containers to 2065F for four . _qfgurs in a high pressure autocl ave
operating at about 15 ksi, and (6) then slowy cooling themto room

-10- tenper gdipEratdre. AliltRe COMpHctS wers fed r::ﬁl?didtl‘or@@ﬂ tbcvas@@str@ Peélieatiighy a

reheating tenperature of 2050[err]F. The reduction of the forged bars
ranged from teroperatdretof ZO0505Er The hot raductiop of te:forged barsrranged:tiom abouthe

b f b | ed |
Cyclo. whi ch /D4 SEchelaenh TRELbPRTIEs Taa TARRSH Jon th ARt SASTONEY Nedbl | ng
to 1200[err] ﬁ%é‘t'fe annkaled zﬁgﬁ%fragc&i%ﬁﬁénglébér étlaFl &ﬁ{eéﬁﬂ "oycRWHi@en air -

cooling to a nt tenperat everal examn tl ons and tests were

conduct ed tocdnsmwtafm@thbeataﬂlﬁmmmﬁrs, slowiyicooling to $200% at zrate of
the invention and the criticality of their co SItIOBS and net hods of

product i on. BpEt excesd 25°FRarthouiand hen ARCPe Ig dempeatlrg; at e
Ghar py. G not eh i modept ettt R wblf cpidiced S EmaRRg 1. ()
crossed- cyl i adedntages of tsd PMvUl silel Bhtitiegbtthedhéeritioh and the criticality of
their compositions and methods of productidn. Specifically, tests and
examinations were made to evaluate their (1) microstructure, (2) hardness in
the heat treated condition, (3) Charpy C-notch impact strength, (4) and metal to
metal wear resistance in a crossed-cylinder wear test. Most of the materials for
the toughness and wear tests were hardened and tempered to an aim
hardness of 60-62 HRC. This was done to eliminate hardness as a test

variable and to reflect a hardness typical of many cold work tool applications.

Microstructure

As indicated earlier herein, the wear resistance and impact toughness of
the powder metallurgical tool steel articles of the invention as well as those of
other tool steel articles are highly dependent on the amount, type, size, and
distribution of the primary carbides in their microstructure. In this respect, there
are important differences between the characteristics of the primary carbides in
the PM articles of the invention and those in other powder metallurgy or
conventional ingot-cast cold work tool steel articles. ]

Some of the important differences between the primary carbides present
in a hardened and tempered PM atrticle of the invention (Bar 90-80) and those
in a hardened and tempered conventional ingot-cast tool steel article of similar-.
composition (Bar 85-65) are shown in the light photomicrographs given in
Figures 1 and 2. To emphasize the differences between the primary carbides in



t he toughness and wear tests were hardened and tenpered to an ai m hardness
of .60-62 HRC. This was done to elimnate hardness as a test variable and to
reflect a hardness typical of many cold work tool applications.

- Mcrostructure As indicated earlier herein, the wear r.esistance and
“inmpact toughness of the powder netallurgical tool steel articles of the
“invention as well as those of other tool steel articles are highly
dependent on the amount, type, size, and distribution of the primary
carbides in their mcrostructure. In this{despect, there are inportant

di fferences between the characteristics of the primary carbides in the PM

articles of ftthese Phétﬁrhi@fb phs,ltheg wee phddd taoaypiedr asavhite padicles on a
conventional ingot-cast cold work tool steel articles. - Sone of the

i mport ant di fdask backgrovsdycuse aba speaial gtchingtegbsiqueeiehigure 1aiticandaghed
dt d PMarticle of the i ] 90- 80 t i
har denod and SeehbRbeRatK Sashiliesih st 90580 oS generll WeWBAts? i i o

conposi tion QH}N\QI ' r intiblonBNASRE sndPevemy disthiGied N
Figures 1 angﬁgfor%ga?ngﬁgit?gg thelglelfomgncegﬁoget ween the pri 213‘? lcgfréltom‘i des

in thraugheut theomatrixc Xerpyadispersivesgnalysis ofithixprimany pathidessinvthis e
particles on dar k .backgroung, by use, of a special. etching t.echnig I n
Brgure 1. 11 PMIBYSSaGERndicaes hn ey alaseantal Alyaadtaorcs Mc-
general |y wel] ' ' : . isall: b f ] ns
in size and g’(f’eén)%&\é}?e;%’ ;’&I‘ m@%@%g%ﬁ%f tﬁét"ér{‘@({.doﬂi ﬂg‘w d iZS%féorvgél Vﬂ{eé)
anal ysi s of fhegular sixe\anchdistribttion of thie primry calbidéscinl Bar 85-65¢X-ragi cat es
that they are essentially all vanadiumrich M: ty?e carbides, in accord

with the teadispessive analysisobihe primam earbides in thiasteel indicategdhemany butind -
di stribution_o h rinmary carbides in.Bar L85.,. X-ray dispersive

anal ysi s of R aﬁlp? FFS‘WG J%fﬂedﬁgg‘iﬂ%rf’wg%%rgﬁﬁf Wegtﬁoﬁﬂéﬁm but not
all of the veaiihas,uhéras!mbstioTthi datallRh betet tistfibatetloriniarg cibigsurer | ch
car bi des, whereas nost of the smaller, better distributed prfimry carbides

are MC-type Whdype ranadiomerchicdehides similar to thaseqresentdadBar 90:88aThése 80.

Th
ese observations support the finding that the powder metallurgical methods used

for the articles of the invention make for important differences in the type and

composition as well as in the size and distribution of the primary carbides.



observations support the finding that the powder netallurgical nethods used
for the articles of the invention nmake for inportant differences in the
type and conposition as well as in the size and distribution of the primary
~car bi des.

o -12- ' TABLE 11

Rel ati onshi p Bet ween the Ampunt and Type of Primary Cabi des and

the Properties of the Experinental and Conmercial Cold Wrk Tool Steels

Vol unme% . Crossed -har py Bar
Heat :
Cyli nder : TABLE | €At men
Har dness Relationship Between the AWMRfT'and Type of Primarly 03aRI& land
MC Merr] Qarcl__Meorrl( _the Properdes iof the Expegimentaliand Commerciat-Cold Work Tool Steels
10[ err] psl ft-1b Volume %  EXPPRErbst®
PM Col d Wor kj| Tool Pt@e PI\/I3‘!7|eat 96-280|,205Q[ err] F/30 m N, Mwm@
+2+2 h 5 Material No. Treatment Hardness ear
r -1 Total | Resist.
PM 3V 96-67 2p50[ efr] F/ 30 min, AC, 975K/ 2+21 8 10'%ps!
- - B Elpnehd PM Cold Workial St OOV ST 11 17 30 i,
975F/ 2+2 +2 5 )
54 PM 1 gr80 I@B'UP@F'J‘F/’ZPB”‘H?Y?"' &C.ss 1000F 2+24+2 hr - b2
5.9 _ 96-269 | B050°/30 min, AB 975F/242+420r |448 | OO | . | . | .
Cormer ci al YR TUot—Steet s — PV 8CIaV 89t J.L87'O'{ BT 730
AC, 975F/ 2+ 90-804 | 2050°F/30 min, AC, 9758/242+2he | 60 | 50| - | 5o 5.1
27  PM M4 “ PO D107 B 91-652 | @S RestmiaFAGH 1000Fre+ 260y | 1650F/ 24052 |he | 082
Vo | 12. 6 - 31 e)
Commercial PM Cold Work Tool Steels
PM 8Cr4V | 89-19 | 1870°F/30 min, AC, 975F/2+2 br 60 | 66] 57| - | 123 " 27
PMM4 | 9273 | 2125°F/4 min, OQ, 1050F/2+2+2hr | 62 | 38| - |88 126 | 31 29
PM12 | 90-136 | 2050°F/30 min/OQ, S00F/2+2 hr 59 | 30f/200] -] 230 ] 8 20 *
Crav
PM 1OV | 95-154 | 2050°F/30 min/OQ, 1025F/2+2hr | 61 174 - | - | 174 | ¢4 16 "
" PM I5V | 89-169 | 2150°F/30 min/OQ, 1025F/2+2+2hr| 62 |227| - | - | 227 77 8 ||
|| PM 18V |89-182 | 2050°F/30mivOQ, 1025F/2+42tr | 62 |305] - | - | 305 | 120 s |
" Conventional Ingot-Cast Cold Work Tool Steels
A2 - . not reported . 60 - é - Geve 2 40
D-2 . not reported 60 - |155] - [155ee] 3 16
85CrVMo | 85-65 | 1950°F/45 min, AC, 975F/2+2+2hr | 60 | 28| 1.7] - 45 5 35 4
110 | 85-66 | 1950°745 min, AC, 1000F/2+2+42 hr | 62 5 235
VMo
il D-7 - not reported 61 - - < | 240040 7 7
[ *  Longitudinal test direction i

**  Minor amounts { <0.5%) of M,C; primary carbides were detected by x-ray dlffraction of carbides
extracted from this steel by chemical dissolution methods.
**+ B, Hribernik, BHM 134, p. 338-341 (1989)
#ees K. Budinski, Wear of Materials, ASME, p. 100-109 (1977)

-

Table Ii summarizes the results of scanning electron microscope (SEM)
and image analyzer examinations conducted on several of the PM tool steels
and on one of the ingot-cast tool steels (85CrMoV) listed in Table I. As can be
seen, the total volume percent of primary carbide measured for these steels



PM 12 90- 136 2050[err] F/ 30 nin/ OQ 500F/ 2+2 hr 59 3.0
20.0 - 23.0 8 . 20 C4V  PM10V  95-154

2050[ err] F/ 30 m n/ OQ, 1025F/ 2+2 hr - 61 17. 4 - -

17. 4 64 16 PM 15V 89-169 2150[err]F/ 30 nin/ OQ
1025F/ 2+2+2 hr 62 22. 7 - - - 22.7 77

8 PM 18V 89-182 2050[err]F/ 30 m n/OQ 1025F/ 2+2hr 62 30.5

- - 30.5 120 4

Conventional Ingot-Cast Cold Wrk Tool Stegls A-2 - not
reported 60 - 6 - 6***

2 40 : o/, i t o/ ;

50 ] raqggsé%r% gpproxmatgly 5 /i é" 5PM§V (B3P 90 ?1} to 30% in 1Pé\/l 18?3,50 Vb

85-65  1950{Bar§9-183). The typ€ of printdry -carbida preser@{MC, ML 3and M{C)varies
:A\C, 1030?, 2+§qg)rgingstogaérooessiné% gnd the a]lclnging balanté, %t_hpr%l?%%v lé:a/u4950-§bg’
23.5  O'VMPBM YoV (BaPos-154), PM 15V (Bar 881169549 5V (Bar 89-182), having

Longi t udi nal siilsstantiallyeall M@ type cdrbidell nor anounts (<0.5% of Merr](er r']
primary carbi des were detected by x-ray diffraction of carbides

extracted from t hifhedmpertaptdifaeencesimade by relativelyamalbditferences in carben
Hrl berni k, BHM 134, p. 338 341 (1989 * k% % i nski .
Vit or al s, A2hE casbof 5pd 4l hgtent o the amount e S el GirbBles in
resul ts of sgarpividerhetdiifdy SleelesPBE seehMy caifaringife rRisalty 36 PM 3V

examnm nati ons conducted on several of the PMtool steels and on one of the

i ngot - cast t(Bar 90-8@) whichcontains abiout 5d volumebpercent oEMEatypleccarbiderand he
total volume peLs Sompositon falis ithin the Scope of the Claims, PM 10&HAGY®
(Bar 91-65) which contains about 3.4 volume percent MC-type carbide and 5.9
volume percent M,C,-type carbide and which contains about one percent
tungsten and slightly more carbon than Bar 90-80, and PM 8Cr4V (Bar 89-19)
which contains about 6.6 volume percent MC-type carbide and 5.7% M,C;-type
carbide and which contains considerably more carbon and vanadium than
Bar 90-80. The effects of powder metallurgy processing versus ingot-casting
can be seen by comparing the results for PM 3V (Bar 90-80) which contains
about 5.1 volume percent MC-type carbide and for 85CrMoV (Bar 85-65) which
is an ingot-cast material of abouf the same composition as Bar 90-80, but
which contains about 2.8 voiume percent MC-type carbide and 1.7 volume

percent M,C, carbide.

Hardness
Hardness can be used as a measure of a tool steel to resistar!t

deformation during service in cold work applications. In general, a minimum
hardness in the range of 56-58 HRC is needed for tools in such applications.
Higher hardnesses of 60-62 HRC afford somewhat better strength and wear |
resistance with some loss in toughness. The results of a hardening and
tempering survey conducted on PM 3V (Bar 96-267) are given in Table Il and



-13- ranges from approximately 5%in PM 3V (Bar 90-80) to 30%in PM 18V
(Bar 89-192). The type of primary carbide present (MC, Merr](err], and
Merr]C varies according to processing and the alloying balance, with only
PM 3V (Bar 90-80), PM 10V (Bar 95-154), PM 15V (Bar 89-169), PM 18V (Bar
89-182), having substantially all MC-type carbi des. The i nport ant
differences made by relatively small differences in carbon or in carbon and
all oy content on the anmount and type of prinmary carbides in the powder:
metal | urgy steels can be seen by conparingl4-he results for PM 3V (Bar

90- 80) which contains about 5.1 volune percent of MC-type carbi de and whose
conposi ti on felehdy shoWithat the Biogold efork heolsteelasticles/of tnverti¢Beeadily- 65)

whi ch contai ns about 3.4 vol une percent -type carbide and 5.9 vo] une
percent M er racljigye p-hargaessingxcess el 5@%9 ‘égﬂ'i‘ ?F@eﬂ%’oﬂﬂgtﬁf@p YAr a
tungsten and slj I [ rhon than Bar 90-80, and PM 8Cr4V (Bar 89-19)
whi ch cont ai n@'dfgp&%pgé%o\?/‘gﬁ@ﬁg percent MC-type carbi-de and 5. 7% M/C3-type
car bi de and whi ch contai ns considerably nore carbon and vanadi um t han Bar
90- 80. The ef i T oty | OO0t Cast i1 O
be seen by c ' LE i~ Hgar e fu M —ahlch—cont-ai-ns—ak
5.1 vol une pqf swst At yje- carbi de artgrdriesptHRG Ber Mirited(TBReringIravlidn) Whi ch
i ngot - cast Q%L‘al &Fﬂ@to%ﬁ g Sk CPIPRadd | AN derspal | 9054
) O u SN | &l 4 wi i

cont ai ns abo ) S mg—pet Pty e—e gt art—-—votare

Merr]Cerr] lcarbide. H &dq 22 | 32 HAZdneds |c4R péiu ad?a| ¥
a tool steel ' ' ' ;

appl i cati ons.| 118a75gejner & | Hi568$ 56
needed for t I,§§9| N sugn i
afford sonmewlpt—betjer—st
t oughness. THaZ2 35 Ay
3V (Bar 96-267) are given in Table Ill and

Impact Toughness
To evaluate and compare the impact toughness of the articles of the

invention, Charpy C-notch impact tests were conducted at room temperature
on heat treated specimens héving a notch radius of 0.5 inch. This type of
specimen facilitates comparative notch impact testing of highly-alioyed and
heat treated tool steels that are normally expected to exhibit low V-notch
toughness values. Results obtained for specimens prepared from three
different PM articles made within the scope of the invention and for several
commercial wear resistant alloys are given in Table ll. They show that the
impact toughness of the articles of the invention is clearly superior to those of
all the other conventional ingot-cast and PM cold work tool steels that were
tested for comparison.

An important aspect of the invention is illustrated in Figure 3 which
shows the Charpy C-notch impact test results versus total carbide volume for
the PM tool steels that were heat treated to 60-62 HRC, as well as test results -

obtained for several conventionally produced tool steels at about the same



-14-  clearly show that the PMcold work tool steel articles of the
,nvention readily achieve a hardness-in excess of 56 HRC when hardened and

tenpered over a w de range of conditions. TABLE
1l - Heat Treatnent Response of PM 3V (Bar 96-267) ~ Aust enl - As

Har dness (HRC) After |ndicated Tenpering Treat nent tizing al

Tenp. Quenched 950[err]F 975[err]F 1000[err]F 1025[err]F 1050[err]F
1100[err]F ([err]F) 2x2 3x2 2x2 3x2 2x2 3x2 2x2 3x2
2X2 3x2 2x2 3x2 hr hr hr hr-45- hr hr hr hr hr

hr hr hr 1875 58 58 58 58 57.556.5 56 55

54.5 53 Har@né$s. The redfilts showhat the tou§Rness ofthe Pid%oobétetls dédteaséd
59 58 57.5 55.5 - 54 49 47 2050 63.5 63 - 63 63

63 62 6 lassthettotal cadtide vbRinge incregsess essentially independantof carbide f¥ps s
To evaluate and c e the, i ughne of art.icles.of the

i nvention, Char pngﬁﬁjﬁtrgﬂﬂ%gg? ﬁ é&?@g{]ﬁg'@ﬁ%?fn%éfgﬁbd"y?ﬁ F%@ﬁ%%e§%&r e
on heat trea ' S ' i It iami-A itddre type of
speci nmen facitq???gﬁgg n?%ﬂbﬁ?%%?@%aﬂgﬂsﬁxpmggt%gtg?%@of ﬁﬁgﬂﬁ/grgl | oyed and
heat treat ed dasisides witHirs thernger of St 8plergent byaciwde: Thedavedr tesistanse obt ch

t oughness val ues. Results obtained for specipmens prepared fro&é‘hree

di fferent Pmthistmatesial,iadscofdamnce withethedppentian, is, Klenticalto;that at-allayPM

That  the i mAC WS Ba 87360, Mo bbtae e ot of the iferiar!, andlfiich "o
superior to thtamaesi%hiﬁcanhuy ghéater pAmaPy baidé ookime. TDis-deménstrstieSihatahe

work tool steels that were tested for conparison. . An i nport ant
aspect of thalloywéthe inventioniis ablertatashieve idegtical weartiesistansedathatef thear py

O P S8 WL Lo oot el et Bich e bl i O

obt ai ned for ey arkiaBY MbicoNat, the IHvEMiBRAGILY UnekpEStediyhasBristichile Same
improved impact toughness over that of the PM 110CvVMo alloy. Specifically,
the invention alloy has a C-notch Charpy impact strength of 54 ft-lbs compared
to 44 ft-lbs for the noninvention alloy. These data clearly demonstrate that in
accordance with the invention, one is able to achieve a combination of wear
resistance and impact toughness heretofore unobtainable. In alloys PM 10V,
PM 15V, and PM 18V, which similar to the alloy of the invention contain only
MC-type carbides but at a volume level substantially above that of the
invention alloy, impact toughneés is drastically reduced over that achieved in
accordance with the invention. Hence, to achieve the results of the invention,
not only must the primary carbides be MC-type carbides, but the volume
thereof must be within the limits of the invention, e.g., 4 to 8 percent by

volume.

Metal to Metal Wear Resistance
The metal to metal wear resistance of the experimental materials was

measured using an uniubricated crossed cylinder wear test similar to that
described in ASTM G83. In this test, a carbide cylinder is pressed and rotated
against a perpendicularly oriented and stationary test sample at a specified



-15- hardness. The results show that the toughness of the PMtool steels
decreases as the total carbide volune increases, essentially independent of
car bi de type. In this regard, the PM 3V material (Bar 90-80), which
is within the scope of the invention, has substantially only MC-type
vanadiumrich primary carbides within the range of 4 to 8 percent by

vol une. The wear resistance of this material, in accordance with the
invention, is identical to that of alloy PM 110C/WMo (Bar 91-65), which is
outside the scope of the invention, and whbch has a significantly greater
primary carbide volunme. This denonstrates that the alloy of the invention

is able to agsadVFhé doime dss'efthe samplé awhichtwedrs preferentialiypis dateamingdde
the scope of the invention, having al nost tw ce the volune of prinmary
car bi de. Mor @bvegulat intervalscand usedito egiculatscpweardesistancedparemeter bgsed

the. i nvent i oandne goa 2ca30@) Bisiba Ystdies, "The tec b iGe R e ars Bivan™

conpared to 44pid gl bs for the noninvention alloy. These data clearly
denpbnstrate that in accordance with the invention, one is able to achieve a
conbi nati on of wedigurest shows thexmetaltpavetal wegh tast sesidtscfoothe PM and

bt ai ble. | [ PM 10V, PM 15V, PM .18V, . ich . sim|l t th
o oy of -t he cPRVRtanGly asmedcad eolf vk todlalecs igtibin TR 4 piatted lagainst ov e
Loy of th . . . .
oot ol Ty Totdhgahy Baride boftenf 4 he Brunb bt MCTRA cabi Mt they

Hence, to acbbatain.t Wedraegistahoefad ineasurethby this testlincrehsesidrimaticallyrasrar y
carbi des be MC-type carbides, but the volunme thereof nust be within the

limits of ththe valume percest gf MCstyipe (Yapadivanich)primanhearbideviscegases. Net al
Oy ot 1 mont a1 Wikh.perees Wl Wih ol 555t SxpeEtio i TheRBRTRINY oRelBtions, | | naer
vear test sigithglgh hé PM afiRiés 6PHE ihverfiiohVlaStéprdsentdd By iMlIBy PM 3va(Bude
eylinder is pressed and rotated agai nst a perpendicularly oriented and
stationary t 86t8Q)awith 2.82% ¥, ape sofmewhat less wear resistant than the PM materials
containing 4% or more vanadium, they are still more wear resistant than A-2 or
D-2 which contain less than 1% V. At the 4% V level, PM M4 performs
significantly better than PM 8Cr4V and PM 12Cr4V in this test, despite having
a total carbide volume comparable o PM 8Cr4V and about half that of PM
12Cr4V. The comparatively good wear resistance of PM M4 is attributed
primarily to a combination of the approximately 4% MC-type carbide and the
9% MgC-type (W and Mo-rich) cérbide. which is harder than M,C;-type (Cr-rich)
carbide present in the other two 4% V materials. Although conventionally
produced D-2 and D-7 also contain relatively high total carbide volumes, the
relatively low MC-type carbide contents of these materials consistently results
in significantly lower wear resistance numbers compared to PM 3V and the
much higher vanadium PM 10V, PM 15V, and PM 18V materials Wiﬂ:l similar
carbide volumes.
In summary, the results of the toughness and wear tests show that a _
remarkable improvement in the impact toughness of wear resistant, vanadium- -
containing, powder metallurgy cold work tool steel articles can be achieved by

restricting the amount of primary carbide present in their microstructure and by



| oad. The volume | oss of the sanple, which wears preferentially, is
determ ned at regular intervals and used to cal cul ate a wear resistance
par anmet er based on the load and total sliding distance. The results of

"these tests are given in Table I1. Figure 4 shows the netal to netal
wear test results for the PMand conventionally produced cold work tool
steels listed in Table I, plotted against total prirmry carbide content and

t he amount of MC-type carbide that they contain. War resistance as
measured by this test increases dramati cai?-y as the volunme percent of
MC-type (vanadiumrich) primary carbide increases, which agrees well with

actual fi el dcersling teéir compBERoNRNG processing isueh thatNMCRype lvanadiutMrich
articles of the invention, as regresent ed by Alloy PM 3V (Bar 90-80) with

2.82% V, ar ecathideshare substanfially thecinly primanhearbides remaiaingrindhe cont ai ni ng
o0 1o ValadL b Ehek o1 i) oSGt 6 SRRl
signi ficant | o Righhithed R8I SBACK Sy hightolilhnesd ditoidad'dy the! PlartiERSRirfe

havi ng a total carbide volunme conparable™to PM 8Cr4V and about hal f that of
- PM 12Cr 4V. Thwentiopalesriyweiceeds datvafanany cosumzonly uséd iigatitast coldtworkut ed -

S50 N er ] C ¢ U o RUCh @S AISHA-2 anB L. AR, e hihtangbdoss afihe Sl °1° 17
maceral o, At D SRR oRasRR tral Bt afy i ) B3 Nork tool

relatively higeld, @ush asaPlll 8Cra\Q WHIEHS offehslightlydigttee metabiy rivetdl wearcar bi de
contents of these materials consistently results in-significantly |ower

wear resi st aresistane®butlackauificientitoughness foryse i manyiappligatiens.anadi um PM -
O TSV, AR 58 e B0 A o 8L FERH Mo, e 0
B oo, T h MG LR uNERSy oS b brkpRUhY frching,
by restri ctitopls, sheanbladesddr pufting light gage deateriaiscand othertosild work
merostruyet ”égpl%%%oﬁg where very high toughness of the tooling méterials is required for

good tool performance.

The term MC-type carbide as used herein refers to vanadium-rich

carbides characterized by a cubic crystal structure wherein “M” represents the

carbide forming elemént vanadium, and small amounts of other elements such

as molybdenum, chromium, and iron that may also be present in the carbide.

The term also includes the vanadium-rich M,C; carbide and variations known

as carbonitrides wherein some of the carbon is replaced by nitrogen.

| The term M,C,-type carbide as used herein refers to chromium-rich

carbides characterized by a hexagonal crystal structure wherein “M” represents

the carbide forming element chromium and smaller amounts of other elements

such as vanadium, molybdenum, and iron that may also be in the carbide. The

term also includes variations thereof known as carbonitrides wherein some of

the carbon is replaced by nitrogen. _

The term M,C carbide as used herein means a tungsten or molybdenum:
rich carbide having a face-centered cubic lattice; this carbide may also contain

moderate amounts of Cr, V, and Co.



-17- controlling their conposition and processing such that MC-type
vanadi umrich carbides are substantially the only primary carbides
remaining in the mcrostructure after hardeni ng and tenpering. The

conbi nation of good netal to netal wear resistance and hi gh toughness
afforded by the PMarticles of the invention clearly exceeds that of many
commonl y used ingot cast cold work tool steels such'as AISI A-2 and D 2.
Al so, the high toughness of the PMarticles of the invention clearly
exceeds that of many existing PMcold wor#8+ ool steels, such as PM 8Cr4yV,
which offer slightly better netal to netal wear resistance but |ack
sufficient toughndie teeh “sabstantiaiynall” @splisetbhereirsmeansthat theré ynayhea
properties of the PMarticles of the invention make thenugartlcular

useful in cusmaliyalymedragliondsdH%hef prireaty carpides; presenirthenthanmMG-bies,

2ppi 1 cat | ons vaasEHyEEG SaltifehBRRr aR Shh aleqtEing beRERER! Braes ot 1 cq
for good tookhdartichss '8N he invention, hBfnél tdndbﬁehyraadwén résistandised herein
refers to vanadiumrich carbi des characterlzed by a cubic crystal structure

wherein "M repr eddirpercentages @ne ireweightipeicantemigss otheowiseindigateds nal |
anounts of other elenents such as nol ybdenum chronium and iron that may
al so .be present in the carbide. The termal so includes the vanadiumrich
MAC3 carbide and variations known as carbonitrides wherein sone of the
carbon is replaced by nitrogen. The term M/C3-type carbide as used
herein refers to chromumrich carbides characterized by a hexagona
crystal structure wherein "M represents the carbide form ng el ement
chrom um and smal | er ambunts of other elenents such as vanadi um

nol ybdenum and iron that may al so be in the carbide. The termal so

i ncl udes variations thereof known as carbonitrides wherein sone of the
carbon is replaced by nitrogen. The term M err] C carbide as used
herei n neans a tungsten or nol ybdenumrich carbide having a face-centered
cubic lattice; this carbide my al so contain noderate anounts of Cr, V, and.
Co.



The term "substantially all" as used herein neans that there may be a snmall
volunme fraction (<1.0% of primry carbi des present other than MC-type
vanadi umrich carbi de without adversely affecting the beneficial properties
of the articles of the invention, nanely toughness and wear resistance.

Al'l percentages are in weight percent unless otherw se indicated.

-19- WHAT IS CLAIMED | S: 1. A hot worked, fully dense, wear
resi stant, vanadiumrich, powder netallurgy cold work tool steel article
wi th high inpact toughness made from nitcf@en atom zed preal |l oyed powders,
~consisting essentially of 0.60 to 0.95% carbon; 0.10 to 2. 0% nmanganese; up
to 0.10% phogppaTuS CLAIMEDAISES% sul fur; 2% silicon max; 6.00 to 9.00%
chromium up to 3.0% nol ybdenum up to 1.0% tungsten; 2.00 to 3.20%

vanadi um up to 0.15% ni trogen; balance iron and incidental inpurities;

Fol | owi ng Tormil ad- - ARGt viorked, fuly denss wesk fsetant VaBag iy schy sawdr | °
said articl eg,d ; A3 RC
have a di sperﬁ'!séltél}l&g?%g‘}ﬁgf gﬁﬁ"l?ﬁﬁéﬁ%‘%—“ﬁy@ ggﬁ‘?c}ggg'\?\nﬁ?ii n Pﬁgﬁjr'g‘nge of

4 to 8 per cenltrogenvatbmizedpredilogedrpoivders, onsisting idsseMiallyygfdd.6a1toi0d@5%does
not exceed about six mcronssn their | onges{:odgi mensj on, Wner-ebﬁozai d

article exhi gamen; 8s1Qit0:2.0% manganess; up {TRc1070 phosphenys; Hpde 0. 13 %stliug
exceeding 50,44 éiiigc)n maxj 6.00 to 9.00% chromium; up to 3.0% molybdenum; up to 1.0%
tungsten; 2.00 to 3.20% vanadium; up to 0.15% nitrogen; balance iron and
incidental impurities; wherein the maximum carbon content does not exceed
the amount given by the following formula:
%C aximum = 0.60+0.177(%V-1.0)
said articles if hardened and tempered to a hardness of at least
58 HRC have a dispersion.of substantially all MC-type carbides within the
range of 4 to 8 percent by volume and the maximum size of the MC-type
carbides does not exceed about six microns in their iongest dimension,
whereby said article exhibits, as described herein, a Charpy C-notch impact

strength exceeding 50 ft-b.

2. The hot worked, fuily dense, wear resistant, vanadium-rich,
powder metaliurgy cold work tool steel article of claim 1, consisting essentially
of 0.70 to 0.90% carbon; 0.2 to 1.00% manganese; up to 0.05% phosphorus;
up to 0.03% sulfur; 1.50% silicon max; 7.00 to 8.50% chromium; 0.50 to 1.75%
molybdenum; up to 0.50% tungsten; 2.25 to 2.90% vanadium; up to 0.10%
nitrogen; iron, and incidental impurities wherein the maximum carbon content
does not exceed that given by the following formula:

(%C) maximum = 0.60+0.177(%V-1.0).

3. A method for producing a fully dense, wear resistant, vanadium-

rich powder metallurgy cold work tool steel article with high impact resistance,

* c L M S *




2. The hot worked, fully dense, wear resistant, vanadiumrich, powder
nmetal lurgy cold work tool steel article of claim1, consisting essentially
of 0.70 to 0.90% carbon; 0.2 to 1.00% nanganese; up to 0.05% phosphorus; up
to 0.03%sulfur; 1.50%silicon max; 7.00 to 8.50% chromum 0.50 to 1.75%
nol ybdenunmy -up to 0.50% tungsten; 2.25 to 2.90% vanadi umy up to 0.10%
-nitrogen; iron, and incidental inpurities wherein the maxi num carbon

‘ content does not exceed that given by the follow ng fornmula:

(AC)[err] = 0.60+0.177(W/-1.0). 3-20- A nethod for producing a fully
| dense, wear resistant, vanadium rich powder netallurgy cold work tool

i steel arti cl esaid tbolistedd artiglectonsistingtessentially of 0.60 to 0.95% carbon; 0.10 to

1 -20- said tool steel article cqnsisting essentiall f 0.60 0..95%
carbon: 0. 10 20%MARIARRER: WA 16 Oi0% sheSaBonishue In 01 SUTE. 7. 8% 6aR ¢ ur

1 2.0%silicon . . Q0% che O 0 .1.0%
. t ungst lanl; 2. dgg §b6§o§§(,2§%%a%ﬂé%ﬁu*}ﬁb%gag%@ ﬁlyﬁggrﬁrﬁ?hp?gﬁwntgwsfeﬂ,
cincidental innO0itdize20%Waiadium| O tor0:15% mitcagen; ironpahd incidierstal ingburitieseed
that given by the follow ng fornula: (Y [err] =

0. 60+0. 177( %whergjn the maximum carbea cantast H@Gsmtrpxq:%edwglammsbéwtm oni zi ng

a nolten tool ﬁteel talrrbo%(_)at a tenperature between 2800 and 3000[err]F to
produce pOWdEfP,ovtv i a0l i ng the powder to anbi ent tenperature,

screeni ng the powder to about (e nesh=(0.6G+0.37 dp), hot isostatically
conpacting the powder at a ter(rpagﬁf’“t'f'r’"é bet ween ZgOO anh 2150[err] F at a

pressure between 13 andsaié nathod wompsising nitrogen witomizing: atroken todl steelhot
of subst ant1 2oy Hia peTFHES Patdard ABPP A IABIG S Profi@fowdsh daBl wher o
. e VT Sk e PRARF \SEIER B Rt oA e pBAer © AoBle e
mesh (U.S. standard), hot isostatically compacting the powder at a temperature
between 2000 and 2150°F at a pressure between 13 and 16 ksi, whereby the
resulting articles after hot working, annealing, and hardening to at least 58
HRC have a volume fraction of substantially all MC-type vanadium-rich
carbides between 4 and 8%, where the maximum sizes of the primary carbides
do not exceed about six microns in their largest dimension and whereby, as
described herein, a Charpy C-notch impact strength of at least 50 ft. is

achieved.

4.  The method of claim 3, wherein said fully dense, wear resistant,
vanadium-rich powder metallurgy cold work tool steel article consists
essentially of 0.70 to 0.90% carbon; 0.2 to 1.00% manganese; up to 0.05%
phosphorus; up to 0.03% sulfur; 1.50% silicon max; 7.00 to 8.50% chromium;
0.50 to 1.75% molybdenum; up to 0.50% tungsten; 2.25 to 2.90% vanadium;
up to 0.10% nitrogen; iron, and incidental impurities, wherein the ma;ximum
allowable carbon content does not exceed that given by the following formula:

(%C)maiman = 0.80+0.177(%V-1.0). i

* c L M S *



described herein, a Charpy C-notch inpact strength of at least 50 ft. is
achi eved. 4. The nethod of e€laim3, wherein said fully dense,
wear resistant, vanadiumrich powder netallurgy cold work tool steel
article consists essentially of 0.70 to 0.90% carbon; 0.2 to 1.00%
manganese; up to 0.05% phosphorus; up to 0.03% sul fur; 1.50% silicon max;
7.00 to 8.50% chromum 0.50 to 1.75% nol ybdenum up to 0.50% tungsten;
2.25 to 2.90% vanadium up to 0.10% nitrogen; iron, and incidental
inmpurities, wherein the maxi num al | owabl e2gar bon content does not exceed

that given by the follow ng fornula: : (%) [err] =
0.60+0.177(%/-1.0)5.  The method of claims 3 or 4, wherein said atomizing is condLﬁied
5. © The method of clains 3 or 4, wherein said atom zing Is conducted at a

t enper at ur e BaiemPeratue hetween 2850 @nd 2950°F.
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