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VABSTRACT

ThefeffectsfofisYsteﬁaticivariatidns in.Méiéhd/érWV;
content upon the freezing process ana;as—éast;carbide
" MUrpﬁoIOQY‘Qf high speed steels were studied for four sefiés
of alloys encompassing the nominal composition ranges of
AISI type M2 (6W-5Mo-4Cr-2V) and M10 {OW—8M0-4Cr-2V) high
speed steels. ;Thermal analySis,ﬁmetallographicexaminati@n,
and gquantitative metallography were used tQ:Characterizeﬁ
these effects. The liquidus, peritectic, and eutectic
reactions were similarly influencedﬂbyﬂmélybdenum?and
tﬁthtEn[ the peritecticltemperature being strongly
depressed by additions of either element. The types of
carbides found in the as-cast structures did not vary, but
theamouglof feathery eutectic cdrbide (a layered structure

of MC and;MGC}‘wasﬁirectly”relateaﬂté the total Mo plus W

carbide was seen to. increase as the amount of feathery
eutectic decreased, and also varied with the Mo:W ratio. M2
and M1O high speed .steels are similarly alloyed and contain

an equal atomic amount of Mo plus W;‘;A5series'0f'alloyé

ranging between the M2 and M10 compositions contained
similar volume percentages of featheryeutéctic, but M10 had

2% times more isolated MC in its as-cast structure than M2.

—1-




This result is in good agreement with investigations
¢perfbfméé-@n annealed and hardened steels and shows that
some correlation existswbéfweenwaSeéasﬁ-aﬁdffhe;mg—

~mechanically processed structures.




BACKGROUND

Carbides in High Speed Steels

Retention of wear resistance-and,hardness'atﬁigh
temperatures'is a defining characteristic of high speed
steels;' Azfine«disperSion-of“hara.excess carbides allows
finiShed”tools-to-eXﬁibit this quality.

'Ths*threefprincipal carbides which are present in high

"sPeed steels are the face-centered cublc MC, M __C and MC

o 23 6’

type carbides. M6c is azcomplex W-=Mo carbidefwhichrean

W C or Fe W_C to
vary in composition from Fe4 2C to Fe4Mo2 X e3 3

‘Fe_Mo_C; Cr and V are soluble in this phase. During

3 3

hardening M/ C is partially dissolved, resulting inféllOYing

of the austenitic matrix and the presence of excess carbides

'thatsimpartﬁwear“resistansé't@ the hardened material. In

the annealed state; hlgh speed steels contaln M23C6 This

Chrome—richrcarbide,*whichqean‘dissolveer,'W, Mo, and V, is

readily solutioned at high temperatures and is not present
in thevsteel-after'hardeniﬁg. The wvanadium=rich MC carbide
(VC or V4C3) containing limited amounts of other elements,

is-an:extremely hard carbide. It is_not'dissOIVed-during

AaustenitiZatien and helps inhibit grain growth and impart

wear resistance in high speed steels.

‘Since'M C, M__C , and MC each have different effects
» s | |
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upchﬁthe«heatutreatingTrespcnse and final properties of high
speed steels, the amount and morphology of these three
carbides is a factor of important concern to users of tool

steels. M.C and MC are both products of the solidification

reactions in high speed steels, and for this reason the

as-cast structure plays a key role in the overall
perforﬁance~of these ferrous materials.

~Solidification of High Speed Steels

The freezing process in both T (tungsten) and M

(tungsten-molybdenum and molybdenum) tool steels has been

6-10 . . | |
o That most directly-

EherubjGCt‘of previous research.
- pertinent to this work is_the'work'cfakarkalow on AISI type
M2 (6W-5Mo-4Cr-2V) tool steel. By means of thermal analysis

and systematic metallographicAobsefvationszarkalow'detected

threefmajcrrréactions:during solidifications:

delta ferrite occurs.
2.- A peritectic reaction starting at 1330C produces
austenite and same:carbides;ﬁromxﬁheflquid and ferrite.

3. The peritectic reaction does not go to completion,

and by 1240C the remaininginterdéndr}ticquuidfhas~

decomposed into a,eutectic-mixturevofuaustenite,'MECr <

~ and MC.




Any delta ferrite not consumed by the peritectic undergoes

a eutectoid decomposition into austenite and M

solidus temperature.”’'’ This freezing process is-

6C below the

consistent with the results of earlier work by Hoyle and

13

IneSOnlzzahd;a:morearecentstudybyiBrandis andﬁWiehking&j
~In addition to the three principal~reactionsjust
déscribgd, a small but obvious slope change'was"bbservea
;aboutéopc above the solidustemperatureona.cooling curve.
Brandis and Wiebking interpreted this deflection as
indiCating a peritectic faﬁrﬂphasevreacticnf'whereas
Barkalow, et. al., aSSOGiate§~the glqpe change with the
Acrystallizatioﬂ‘cf'MEcarbides;* TheﬂreaCtign which occurs
at the 1240C solidus temperature would then correspond to
the eUtECtiCVQecompqsitignwef-the:lastyremaining'liquid into

austenite and M6C.

 As-Cast Microstructure of High Speed Steels o

The typical as-cast structure of a high speed steel
?CChSiStSAOf;areaS;Of delta eutectoid reaction by—products~w
separated from interdendritic eutectic by a band of

: ' vy e .8191 2 . : '
austenitic or martensitic matrix. 1 While the presence -

“of eutectic is characteristic of these materials, its

:mDrphology is strongly inf;uenCedﬁby the;alloy,composition.

14 . .
have noted that three types of

—5-
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eutedtic occur in high speed steéls. The hlgh tungsten
ialléys,suCh&S 18-4-1 are characterLZed;by*a skeletal or
herriﬁgbOhe-eutectic carbideimorpholpgyu Selective etching
.andbmicroahaiysis‘have~identified this phase as being

9,10

W-Mo-rich M6C. A fan-shaped or feathery euteéectic is

typical of the tungsten-molybderum and molybdenum grades

lS:High magnification examination of these

such as M2.
carbides, alongiwith their seleptiveaetChingyrespaﬂse'and}
microanalysis, indicatés that they are;aalayered structure
‘of MC and MC. *® 2 nixture of MC and austenite or isolated
particles of MC is the third morphologyvCQmmOnté~most7high
speed steels. The amount of this carbide present is |

- strongly dependent uan'vaﬁadium content.

The aim of thermo-mechanical processing iS'Eéirem@ve*‘

any remnahts of the as-cast interdendritic nethrkrand?tof

give an end structure of uniformly dispersed fine carbides

‘The initial eutectic morphology influences the final
;stguCture,~and_heﬁCE‘the properties, of the steel.

Differences in the types of carbides present and the ease

with which they can be broken up and dispersed will

"théféforé'have ah;effect on the quality and pérfOrmancebf“
finishédftools;';The_feathery eutecticéarbides are.

compositionally different from the herringbone carbides and
S )




| o , m e : 14
also are known to give a more desirable final structure.l

Replacement of Tungsten in High Speed Steels by Molybdenum

Historically, the Mlgrade‘steels were developed from
the:T'grades“whensoﬁe'orall of the W in these alloys was
_répléced by Mo. Thistas initi%;ly done for economic
reasons, but'theradvent.0f better heat,treating féCilities
bfoughtlwiaﬁr acceptance of the M steels. ‘At the present
time, the W, W-Mo, and Mo type high speed-stéelsAare“all in
commonﬁsage. Beingcomparablyalltyed_cn,an-atomic basis,
these grades are similar in properties and cutting
:perfofmance and often can be used in place ofygne
anpther;4’5”7’ls

This interchangeability of Mo and W can be accounted

for on several bases. The Fe-Mo-C and;Ee—chfternary

diagrams are similar, and Mo and W can readily replace each

other in various carbides. On an atomic basis, 1 wt. % Mo - . .

:can;substitute-f@r?1,92'Wt@?%HWg=WhiIE~I%ubeiSwequivaient
to«lis%VW‘in-itS-e£f9ct_cn-ﬁhé;austeniteafield of
Fe. |

While molybdenum is used as a common replacement for

tungsten in high speed steels, this substitution does result

in some micrOStxuctural'changes; It appears that Mo does

not compete with V for C as well as W does, and as Mo




replaces'W‘%he ratio of MC t¢~MgC type carbide

. | 1[2115;18

In the'hérdenedista£éqAISItypesz (6W, 5Mo) and M10
(OW,8Mo) tool steels both contain MC and M C as excess
carbides. Mc‘dompri§es 39% of the excess c¢arbide in M10 and
oniy lS%zin,MéaA 'Qﬁﬁsidering the differénCé iniﬁhe~effec£s

of MC ahd.M;C=@h the properties of high speed steels, the

$)
Mo:W ratio can have a significantfbearing on the structure

and performance of these alloys.

Purpose of this Research

The objective of this reseaﬁch_is'to study the effects
of ledeenumrandutungstenf@h the Q@iidificationreactions
and-as-cast.structﬁre;@fhigh.sEeed.SteeLs, AISI type M2
and MlQ”tOol.s;eels are the alloys choseﬁfor this study.
- Thebaéis,ﬁgr'this'choicé is thaﬁitheseftw@wgrades are very
WﬂﬁimilaﬁﬂinﬁgQm@QsitiQn@exagptmthatMﬁnégwwinpmzm;swyéplaéeéngwwwwmu
_ by an eqﬁalatqmic=ampunt of Mo’in;MlO.

By systematically varying the W and Mo ¢ontentsg the
individual effects of:thésealloyingélements-¢aﬁibé

determined. ThESefresultSEMaY“fheh-be used to help

B

—understand thée changes that occur as the Mo:W ratio is

varied in a series of alloys between the M2 and M10 nominal

compositions.




MATERIAL

'iThe_AISiftypé~MQ high speed steal used in this work was
-S@pﬁlied_by £he'ﬁniversai‘cyclops Steel CbrPOratiQng This
a lloy was 1n the form of 5/8" dlameter bars Whlch had beén
'édnventiallY'pnacesséd from a commercial.ingOt, ’The heat
ah;lysis of the material was 0.82% C, 6all%¥W,'4x95%~Mﬁ;'
-O;ZO%LNi, 0317%wCQ,DQOB%xCu,zand»D.OZl%pAl.

'Hémer‘RésearQhLaboratcries of Bethlehem Steel

Corporation provided a 300 1b. heat of an alloy made to M2
Specificaﬁions’but*Witﬁbut tungsteh, This material,
designated Al loy X, had a ladle analy51s of 0.91% C, 0.0% W,
4,82%xM§ﬂ 3491%.Cr,2.02%.V,,0;017%;s, 0.008% P, 0.282Lmn,
0;35%n8i, 0.06% Ni, 0.04% Co, Q?OZ%gTi,.andé;oés%qu,- Tt

-waS'hammer-f@ngediint@~%ﬂ square bars.

X remelt stock. Compressed powdervgelletsjof;99,9% pure,M@

- were used for this purpose.




EXPERIMENTAL TECHNIQUES

Compositional Variations

Figure l is a schematic_fepresenfétioﬁ of the range of
alloys studied in this work, AISI.type:MQ.énd:Mlﬁﬁhigh‘
E«Speedgsteels‘correSand'tO:thealloy compositions in the
upﬁér'leftand 1ower righf‘eorners of ‘the diagram,
respectivelf. By blending various amounts Qf:AllQY”XKUW}
5Mo) , MZ,‘énd/Of’elemental Mo, four series OfallQYs
corresponding to.iines“(l), (2), (3), and (4),inthe
schemétic<were;prepared. Thermal analyéisand
metallographic~investigationswereperférmed on all four
‘alloyWSeries. fThe-reéuits from series.(i) and (3) were used
to determine the effects of Mo variations on the
solidification process in high speed steels. The effects of
=w~weiezstudied.in series (2), and series (4) alloys dealt

En*érder=t0:av0id any eerﬁs due to deviations~frbm the-

ﬂdesirédnallqy'compositigns, all thermai analysis samples

were analyzed for the major alloying elements (C, W, Mo, Cr,

and V) prior to being examined metaiicgraphically,

- with variations in the Mo:W ratic of the M2 and MI0 steels.

Thermal Analysis

LThermal.analysLs:wasused-to~study‘thg_effectSIOf:

systematic variations in W and/or Mo content on. the freezing
| -10- -
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process in high speed steels. The accuracy of the technique
employed was checked by determining cooling curves for-
‘materials with known solidification temperatures (pure Ni

_Nb eutectic). These results were. found to be in

’and'Ni*Ni3

good agreement with published data, thus implying that the
results &etermined for thefhigh speedsteei~ailoye:we£eealse*
aécurate,Thé,proceduIENthat~WaSusedeisdescxibedbelOWe
.Sampies weighing:approximate;yw3ﬁ*grams~we;e placed in
.16-mm‘ID-a;umina‘crucibles,~ The thernei analysis c?ﬁeibie
was placed inside a larger crucible and insulated on the
bottom and sides by loosely-packed Micro-Quartz felt.
A’boroh-nitride'CaP*Was'plaCedeon7tQP of the crucible.
After be 1ng f lushed with argon and evacuated to about 100
microns of Hg, the sample chamber was filled to a positive

pressure of argon. Induction heat ing was used to superheat

power, the specimen cooled through the freezing range at
roughly 100°C per minute. A silica-encapsulated 38 guage
Pt-Pt10%Rh thermocouple with one wire 1nsu lated by fine

alumlna tublng was _immerfsedi in the sample and connect-e d .to

an adjustable-range adjustable-zero strip chart recorder.
By setting the recorder scale at 11-16 mV, a time-

temperature chart for the entire freezing range of the alloy
| -11- ” |




ﬂ wasféetérminéd. Samples were remelted and.alLéwed:tclﬁreeze
several times, tﬁe_reacticn temperaturesbeingreCdrded fbr~

each,run.~:Results;for different;runs on the;same.sample and
erﬁdifféxent_samplesfaf'the.samef¢ompesitiOnfwere found to
be in close agreement. :TyPiCalrcocliﬁg'curves:arepresentei;

- and discussed in a later section.

:Metallography

After being sectioned and chemically analyzed, each
thermal analysis sample*wasﬁmétallogrAphically prepare&.
_Pelishing‘wag done by stahdard;tedhﬁiqueS'using 6zmicr0nuaﬁd :
1fmicrgn»diémbnd¢c@mpﬁundS:in‘order‘tq avoid any severe
relief effects. iThe.selectiVe~etching techniques developed
by 5liékwede,.et~'a1.,3 were'thenutilizedtozidéntifYEhe
varipus;eutéctic.carbides in the as-cast structure.

Particular attention was paid to the amounts and types of

e Frasent, T
In order tpuascertainithe effect of the Mo:W‘ratiQ on

tﬁe relativeiamount:Qf isolateddMCCarbide in the;as~¢astAﬁ

gtructures<qf"M21ahdMlQ'highSPGEd3SteélS,‘quantitatiVé

:mﬁtallagraphy"was perfdrmgannythe seriest(4) alloys;i

Similar data was élsd-gathEﬁﬁdlfor Alloy X. Using an .
optical metallograph and a magnification of 1600X, a nine<

;PéintvgridiES§SYStematiOallyplacédronfthe’pdliShe& surface




of each sample a total of 1,600 times, care being taken to
uniformly ccverwthelentire specimeh cross Sﬁctien, Eof each
placement, the number of,gfid points_falling‘on,isalated MC
carbides and the number falling on feathery eutectic
colonles were noted. The wvo lume percentages of MC and of
feathery eutectic wére ca lculated by dividing the total

number of grid points landing on a given structural feature

standard deviation for the data entries was calculated, and

19,20
using common statistical technidques the standard error
and 55% conttdence interval for each volume percentage were

e e e e

~13-




PRESENTATION AND DISCUSSION OF RESULTS

Thermal Analysis

Employing thermal analySis teéhniQueS.deSCribed}ingthe
preceding section, effects of Maﬁahd/OrHW'variatiens upon
thédelidifiCatiOh process in high speed steels were
investigdted. Cooling Curveszwgre-determined for samples
from the four alloy series studied in this work, and a
PseudOHbiﬂaIY‘PhaSéidiagram WasplOttedzfor~each series.
'Thesé_results were also of use in interpretiﬁg the as-cast
microstructures;ofxthermal.analysis samples.

M2, Alloy X, and M10 Cooling Curves
The three p incipalmaterialswhoée‘compcsitions.aﬁe
4.end_points for the four alloy~séries-under.eonsideratiOn;are
M2 (6W, 5Mo), Alloy X.(DW,SMQ),.andIMlO(OW;BMomaterial
artificially prepared by adding molybdenum to Alloy X).

is essentially the same for all three alloys.

A cooling curve typical of nominal composition M2 high

speed,steel-is presented_ianig¢ 2a. Four solidification

e | | | 9,10
reactions,; as determined by Barkalow, et. al., are

evident in the figure. Clearly defined breaks in the

UCOQling.curve;atl4250,1325C, and 1242C correspond to -

_-primary crystallization of delta ferrite, peritectic
| 14— -




reaction of 1iquidwand;féxnite.tq form austenite, and
’}eutectic:decomposition.@f”Eﬁe'lasteremaining liquid,
respegtively; The slqpe.chahgé*whidh bccurs aboﬁt_ZGqc
abOQE the eutectic break marks the grecipitatianvof
vanadium-rich MC type carbides from the me L.

The:same four reactions are evident in cooling curves
for Alloy X and M10 (Fig. 2b and 2c) and occur in the same
oﬁder as they do for M2. The primary difference betwe¢n M2
and Alloy X is-tha£, for the latter, the peritectic reaction
~temperature‘is‘QOOC'higﬁer“than;tﬁat of M2 andithe;éutecﬁic
temperature is 52°C lower. (Reasons for this difference
will be discussed when the series (2) pseudo-binary phase
@iégram is presented;) -The.oniy differehée between the M2
and M10 cooling curves appears to be tha£ ;hé”fbﬁrreaction

temperatures are lower for M10.

S T DA OV

Serle (l)HAlloys e o S e e e e et

In series (1), systematic additions of pure molybdenum
toyMZ;remelt.StOCk*Wére~used-tQ~d€texminEEthe;éffECts'df

f ﬁhis elément-UPOh:thé'SOlidificatién'process. REferring o

;Fig. 3, it can be seen that increasing the Mo_content-frdm
| 4.95% (nominal M2) to 7.64%“results§in only a slight

depression ofcthe;1iquidusvbut;cauSes'a&marked:decrease:in

the peritectic reaction temperature (1325C in Fig. 3a and




lZSlC in Fig,_Bb); In fact; at'higher Mo contents, the
,peritecticreaqtiqn.(barelijisible in Fig. 3Db) isgseénwto
oqcurbetween.the sldpeuChange;and eutectic, the latter two
reaction temperatures havingvrémained relatiVe1y~constant,
A further increase in Mo content to 8.08% results in a
continued depression of the;iquidusltemperature to 3 £ihal'”
value of 1408C (see Fig. 3¢).  $he peritectinréae£ion
appears tO-bezEIiminateddue'tonferrite~stabilizing eff?cts
of Mo, and;the-slope change and eutectic temperatures are
Vﬂepressedzsiiéhtlya

A.pseudc-binarylﬁhasediagramsummariZing thermal
.analysiS'data:fOr the series (1) alloys is presented.in
Fig. 4. 4The:fblldwing trends shbuld.be noted:

l. The major effect of a&ditions‘of Mo toMé remelt

-+

stock is a Strong depression of the peritectiC'reactiQn

temperature (L+F—>A). The peritectic decreases 28 C

per % Mo added and seems to be eliminated at about
8% Mo. This result would be expected since molybdenum
has a b.c.c. structure and would tend to stabilize

ferrite while retarding the formation of f.c.c.

austenite.

2. Mo additions slightly depress the liquidus

temperature (L—F), but primary crystallization of
| - -16-= P




............

'deltahferrite still occurs in all series (1) alloys.
3. The other two main steps in the freezing process;

- L—MC at the slope chahge and L->A+M_C at the eutectic

| 6
temperature, appear to be essentially unaffected, and
;the~températUrE:gap"beEWeéh-the-tworeactionsfisébout
:209C“f0r‘a11_of these samples.

Series (2).§nd’(3) Pseudo-Binaries
The series (Q)Aand,series (3),pseudoébinary phasé7
diagrams will be presented and discussed together. Each
series céntaihs the 0% W, 5% Mo Alloy X which can be;thought“
of as either Mz without tungsten or a lqumolybdeﬁumﬁMlo
alloy. Moiybdenum and tungsten,_both being bﬁngk

transition elements in the Cr subgroup of the periodic

fupOnAthe.soiidification.pr@cess:Qf@Alldle,

analysis results for samples that were a mixture of M2 and
Alloy X remelt stocks; .is presented in Fig. 5. By mixing

pure Mo-and.Allcy”X, analogous.results~were_determined for

.zthe series (3) allOys (see Fig. 6). From these two graphs

the_effedts of Mo and of W are seen to be both qualitatively

~and quantitatively similar:

P
(T

1. The liquidus temperature isanat,stranglyfalteréaTbys
| | =17~ “ ” |




additions @fiéithér'EIemént,'aInuseries‘(2) L-F stays

constant at 1430C,whilekinseries (3) it decréases
;gradually'as the %'Mo inc:easgs (l4§2c for Alloy X and
l4l3C for M10). |

2. -Inrarmannerfsimilar'tO"thatﬂseen for Mo in the

series (1) alloys, both Mo and W additions cause a

- strong 1oweriné Of*thémperitectié reaction temperatute,
'Quéntitatively,'this,férrite.stabilizing éffect is a
depressionqu-9gcper wt. % W and 20°C per wt. % Mo.
Accounting for the.largewdifferenceain.the atomic
wéightsiQf‘W and Mo (a factﬁr,of 1.92), a given Mo
addition decreases the peritectic reaction temperature
:onlyin%-marethanan-equivalent:atomicsamount of W.

3. From Fig. 5 and 6 it can be seen that additions of

either Mo or W inCrease:the.eutecti¢-temperaturé.

Since thesé two metals are predominant elements in the

M_C carbide, it seems logical that their increased

6

presence would tefid to raise the temperature at which
the eutectic reaction (L>2+M C) occurs .

4. The slope change temperature‘is'decreased by adding

Mo, but remains constant as % W is varied.

S. iAn;Qverall'eiiectléf Mo or W additions is to

decrease the temperature difference between the L-3MC

-18-




and L—A+M_C reactions. This gap is about 50°C greater

for Alloy X than it is for either M2 or MO (a fact

‘thatJWill later.be used to help interpret differences;
ainrthe~as—ca3t micrqstrdétures of”these;sampl%g)&
Series (4)Pseud0—Binary
The series (4) alloys'were;studiea-to»determine,the

éeffects:ef’replacing tungsten in nOminal:COmpdSitidn,MZ:withf'
molybdenum. When W is totally replaced by Mo, the resulting
allioy falls in the:ﬁominai“cﬁmpesition range of AISI type
"M10 high speed steel. fheparameter‘(wt.-%,Mo) = (wt. % Mo
+ wt. % W) is used as a:measureQf-thé~extent‘af
substitution, a value of 1 signifying total repiacement of W.

Since primary interest inlthé:seriés (4) alloys was in
their asﬂgast'struttures,zand since cooling curves for M2

and M1O have been presented (Fig. 2), there is no need to

solidification process is alike fOr‘MZ»and_MlOfrand¢thewonly
~effect of increasing the relative amount of molybdenum
appears t@.be<slighELdOWﬁward-ShiftS=iﬁ cach of the four

reaction témperatures. The reader is referred to Fig. 7 for

d summary of’this data.

Metallography

All thermal anaiysisfsamples wereﬂmeta;;ographigélly
| ~19- :




- examined to deétermine how compositional variations affect
the as-cast microstructure. No marked changes in
interdendritic spacing were evident, sO particular attention.

was paid t0 thé,amount and‘mdrphology‘Of~eutectic-carbidés;

Quantitative metallography was performed on the series (4)
alloyé‘ahd'Alloylxn:
Series (1) Alloys
The typical as-cast structure of M2 high speed steel is

* Seen in Fig. 8a. Small amounts of delta eutectoid reaction

by-products (not evident in the picture because of the type

of etchant used) are contained in an austenitic or

‘martéHSitiCmmatrixw» Two*tyPéS_Qi‘iﬁterdendritic carbides

are evident in the structure. - Several isolated MC particles

(denoted by arrows) are dispersed in a larger amount of

darkly-stained feathery eutectic carbides.

formed by eﬁtectaid,decomposition of delta ferrite and the
feathery eutectic carbide typical of as-cast M2. In the
series (1) alloys theitypeﬁofiinterdendritic eutectic does

_nht_vary,?but from the photomicrpgraphs;in_Fig. 8 it‘is‘

épparent that the feathery carbides become finer with

~ greater Mo additions. Itfalsolseems'that thé amount of

eutectic increases slightly, less isolated MC particles are

-20-




noticeable, and there is a substantial rise in the amount va
dendriﬁic;precipitatiohg 'Thermal'énalysiswreéults'ghéwéa MO
to be a ferrite stabilizing element, so the samples of
5hi9her€allQYrcontentare expectedto“ccnﬁéinmorematrix
-Carbides'resulting from eutectoid decomposition of delta
ferrite.

in Fig. 8c implies that a peritecticreactign.didocgur"
during solidification of the 8.08% Mo material. A
Sﬁfrdunding?envelope of high carbon ausﬁenite is:necessaryf
to supply Carbonta-decomposihg‘delta~ferrite;la’ll
Although thermal analysisgof;this-samplezdidnot‘reveal a
1perit6ctic b;eak,in.thé‘COOling curve:(Fig..3c), ghis

solidification reaction may have occurred so close to the

 eutectic~orfmay%have‘involvediSO‘little materia1 that-it’was;

“not évident in thermal ‘analysis results.
=Series (2)and.(3)Alloys

As opposed to the thiés (l)“study;whiCh,dealS'With

alloyadditiﬁnstc M2, the.sefies (2).samp1es range.ffomu

_ndminal composition M2 to an M2 alloy with the tungsten

~ totally removed. Thermal analysis results show that the gap

between the slope change and eutectic temperatureSJis;nmdh?"

greater. for 0% W material (Alloy X) than it is for nominal
-21-




M2 (see Fig. 5). 'FQrmahy~givén_c061ing rate, the size of
this gap is related to the time available for MC carbides to

form before the L—>A+M _C reaction consumes the last-

6
remaining interdendritic 1liquid.

Microstructures of thrée series (2) samb1651are-shown
in Fig. 9. The amount of feathery carbides decreases as
lower tungsten cgntents retard*the‘farmation of;Mgc. ;Thefﬁg
ApartiCles~normally‘inzthe feathery eutectic thus become
visible in the structure. The resultant trend is a decrease
in the total carbide volume but an increase in the amount of
vanadium<rich MC as. the alloy COmpOsition Varies from M2
(6W, 5Mo) to Alloy X (OW,5Mo). ;Erom‘quantitative
metallographygﬁbminal comeSitian.MZI(Fig, 9a) was found to

.COhtaiﬂ‘8;23iQ.63‘VOl& % ﬁeathery eutectic. '(Volume

percentages are given with 95% confidence limits.) Isolated

" MC carbides, which were not stained by alkaline KMnO ~and

4
thus appear 1ightér than theqfeathery~carbidés, comprised
anly’0;21i0i07~vol. %yof the sample. The most apparent

change brought about byfdécreasing the W content from 6,35%

to 2.10% is a large increase in the amount of MC in the

rrrrrrrrr — _ I

" as—cast matérial and a tendency for this carbide to be in a

eutectic strhéture;gf;its,QWn‘(Fig.,9b). In Alloy X (Fig.

9c), thé‘amaunt_deEEaﬁhery'euteCtic'is 3.3210.36~le.«%,
-22- |




'aﬁdfthéfe is'l'zlio°20.v°ie‘%fMC-@ The result of removing

- tungsten from M2 is thuéiaAiarge‘£;Crease_iﬁ,ﬂhe“§mguht of
isolated MC (0.21 ws. 1-21fVOlg“%);‘afrEduCtiQnﬂiﬂ ghe
volume fraction,of‘feathe£y~eutectic (8f25VS@ 3.39 vol. %),

~and.anaccgmpaHYing decrease in the amount of feathery

" C .

- carbides and M,

~

Comparing Fig. 9=and LO,'microstructuralutrends in the
series (2) SampleszappéaftO.be'Veﬁysimilar'to-thoSe:fér‘J
series (3). Since Mo and'W'Suppqsedly are interchangeable
in high speed steels, inéreésing the;molybdenum,éantent~of
‘Alloyx frbm 5.08% to 8.26%-am0unts_tb a replacement of the
ﬁuhgsteﬁ in M2 with an équal+at9mic~émouﬁt of molybdenum.
Quantitative data shows that M1O contains 7.98+0.60 vol. %
féathery eutectic and 0.54+0.12 vol. %.MC. Récalling that

Alloy X has 3;39‘V01,ﬁ%rfeathery,eutectic:andi1,21.vol. %

TMC, it "is clear that these two €léments| at least in tH{g“““”WW*ﬁ”““““

particular case, are alike in their effects upon the as-cast
 structure of high speed steels.
Series (4) Alloys

Conclusions-régarding micrdstructural effects of

molybdenum and tungsten have to this~pOint been derived.
solely from results for samples in which total alloy content

varies. The series (4) sémplesﬁWeré‘PreParedsby'meIHQ
| o =23- .
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various proportions of M2 and M10.. In this manner, the
atomic amount of molybdenﬁm-glus tungsten;is'keptaéanstant,

and structural trends can be determined for samples H&Viﬁg

=sequivalentgalloy-cbﬁtentsg :Since»it is known that the ratio

~of MC to M

——of various carbides-in-commercially processed tool-steels.

GC.tYEezqarbideé in‘annéaled-cr'hardehéd high~
sPeedéteelsincreaSes as W is replaced by.Mo,l’2j4715?18
,a simi1ar trend should be seén-inmthemas—cast..
microstructures of series (4) alloys. Due to the fact that
théfeathery~eutectic.carbidéstare'a,migture_ef‘MC'and‘MéQ
and.ﬁhey;hadetsazfiﬁe a structure to be counted by the
quantitative metallography method employed in this work, the

actual MC:M C ratio could not be determined for these

6

isolated MC-¢aﬁbidés~and;ﬁeatherYfeuﬁeatiC'colonies. This

data in itself should be helpful in understanding the source

‘Microstructures for M2, M10, and two alloys of
intermediate composition are presenteaAin_Fig‘;ll. There
appears to be no difference in interdendritic structure

except that as the Mo:W ratio increases more isolated MC

-Céfbides are.present; Results of quantitative metallography

- show no statistical difference in the amount of feathery

eutectic. M2 contains 8.25+0.63 vol. %, and M10 has
-24- -
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7.98+0.60 vol. %. There is a significant variation in the
amount of MC. Da#a.pnesenﬁed_inﬂFig.'12 Showstﬁat,as'théz
ambunt.dberelativetbtheetétalamount of Mo and W
inéreaseijerwa:value?Qf_Qe44~for'M2 ﬁ@ a value of:lfoﬁfor
M1O, the amount.cf'is©lated vanadiumrricn MC carbides iﬁathe
-as—cast structure increases by a facﬁor df 2% ffrOma
ﬂ;ZliO.@? vol. %*in M2 to O.SQiQ.IQ V@l.'%4iﬁ.MlQ).

Due to Carbide f@rmati@n‘during_SGLié state
transfqrmaticns, annealedfhigh.Speed.stéelsscontain,much

C than the as=cast mat-e_trri-.al.-.;5 Although the

more MC ancilf'l\’l‘:6

fquantitatiVé'resalts?cfithis=work;do;no;.account‘fcr all of
:'the;caxbides.in‘commerciallyﬁpchesseduMZ andfMlo; they at
leaSt.sﬁOWfthat same-carréiatiéhféxisﬁéfbetween trends seen
in £heses&iidificationastru&tures and those that were

determined by other investigators for thermo~mechanically

.. .processed.material. . i B
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- SUMMARY AND CONCLUSIONS

;Ail~the high speed,stee1~a1lo§s whbse campositicﬁs4fall
.@Within-fhe range demarcated. by d%'W—S% Mo, 6% W-5% M; (AISI
type M2), 6% W-8% Mo, and 0% W-8% Mo (AISI;type MlO);eXhibit
basically the same freezing process and as-cast A
microstructure. '

Mo and W were found to have similarweffectsupon the
- solidification process in high speed steels. The four main
freezing reactions and the order in;which'they:oécur'fqr
most_of'thé'alloys'argz

l. TLiquid—>Ferrite

2. Liquid+Fefrite;aAﬁétenite

3. Ligquid-—»MC

4. Liquid->»Austenite+M C

6

The peritectic reaction (number 2) is stronle*éepressed“bY

temperatures below that of the third reaction in highly
allgyed;SamPIes‘fG%vaand'greaﬁersthan 7% Mo). The :
'tempgraﬁuxeggap between the.third-anﬁlfourth-ﬁeactions is
fél&téﬂitb ﬁheAtime évailablé.for formation of MC carbides
and is'muchigreatér in the low alloy content samples such.asf

the 0% W-5% Mo material than it is for the other

compositions.
' -26-
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The feathery eutectic morphology typical of as-cast M2

was found to be typical of the other alloy*compositions;

C,

Sinéezﬁhese-carbides contain MC and W-Mo-rich M

’ihcreasing~the émcunt of either alloying element increases
L the.ampunt:of-featheryﬁéutéctic, andatilow*wfp&u5~Mo'
contents vanadium-rich MC type carbides aré?muCh<more
éVident in the aé—cést strﬁcture. Repiaciné‘thE*W'iﬁLMZ
withuan«equal atomic amount of Mo to make M10 does not
i.Changewthe.amounﬁ of featheryﬁeute¢tic,:but Ehe amount Qﬁ
iSOlaﬁedMC-particles in the as-cast structure of M1O is

:qoreethan twice the amount found in M2. Molybdenum is thus

seen not to compete for carbon with vanadiummas~étrongly'as

tungsten does, resulting in more VC forming in the presence

of high Mo than high W.

: e
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5Mo - 8Mo

(2)

OW  (3) YOwW
 BMo 8Mo
(Alloy X) (M10)

Fig. 1l: Schematic of the alloy comp051tlons
that. were 1nvestlgated
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8a: Nominal M2
(4.95% Mo
6.35% W)

8b: 7.30% Mo
6.26% W

8c: 8.08% Mo
6.23% W

Fig. 8: As-cast structures of series (1) alloys.

Alkaline KMnO4stain. 500X.
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Nominal M2

(4.95% Mo
6.35% W)

0.21 vol. % MC

8.25 vol. %
feathery
eutectic

4.90% Mo
2.10% W

Alloy X

(5.08% Mo

0.0% W)

'1.21 vol. % MC

3.39 vol. %
feathery
eutectic

Fig. 9: As-cast structures of series (2) alloys.

Alkaline KMnO4 stain. 500X.
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Fig.

10:

10a: Alloy X
(5.08% Mo
0.0% W)
1.21 vol. % MC
3.39 vol. %
feathery
eutectic

10b: 6.40% Mo
0.0% W

10c: Nominal M10
(8.26% Mo
0.0% W)
0.54 vol. % MC
7.98 vol. %
feathery
eutectic

As-cast structures of series (3) alloys.

Alkaline KMnO4 stain. | 500X.
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lla: Nominal M2 1lb: 6.24% Mo, 4.70% W
- (4.95% Mo, 6.35% W) %Mo/ (9Mo+9W) =0.57
%Mo / (%Mo+9%W) =0.44 0.29 vol. % MC
0.21 vol. % MC

llc: 7.36% Mo, 2.09% W 1l1ld: Nominal M10

%Mo/ (%Mo+9W) =0.78 (8.26% Mo, 0.0% W)
0.41 vol. % MC | %Mo/ (¥%Mo+9W)=1.0

0.54 vol. % MC

Fig. 1l1l: As-cast structures of series (4) alloys.

Alkaline KMnO4 stain. | 500X.
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