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Abstract

Wear is one of wtimankey ypresblod me nga s eietr i man cloimn
thdife expPleetsammmeg i s true f owhitcdiohasr efaohdiuss oofl
doctoraTodleeseissp.ons e amd eb echl alsiedagmh t tegfiian a l

mi crostrnudct pr epMardt e ®f t he existing l'iteratu
commercially wivet dleehkltree astrneegbt®rece | ec amann er

to achieve the shi gase stmphareamesiss Ha we etehre,
consi deraapecoinf iocf mi crostruct beeamdn dda rf & tea rechit n g
the indft hmmincreostruct umomet hceo ntsrtiibtouleonghiccealt peoper
proper | yFedtamédf mede, it is of great i ntadrest t
tool st ediud |t potenspati mdisaslesd raer e much .mor e e
The aim of It hdiiss sdeorcttaotrvaes t wgat € o a md | dledgiomei bod t
di fferxentost rodctauaomrwsenti on(dl f ft eorad rbtisatregenlod ogy ,
ori entfataican ,on, sti lzaeo,r rteysppegn ddiaxd o eastso ol st e el
wear prapietbhseehasyi our .during wear

The variation in chemiadaffeoempbsvoiomertesatt
t hei ek hteard particles in thecmabrdersmi tnosaddu
mi cr ostis uicnfulreencdadhhcbgt attehémgetowt bbabest
wear praper presi d-gchabagt r i K hgwaa i nA SsTiM e i arer
achi evtehger myged ect i aos bénittheemmdari atOnr ¢ he ot her |
impropastenidareeasu bt nicr emeas agdrxai nornshiggzreesence of
resi dual ovdcidoenhsdeecsdeneé t ybmeadreapr oaler ttiheee aand
resi stTaecepr emdencief f erent carbides i n t er ms (
(mor pholtohgeya) tiemsi ti ¢ matri x thlawe athieif matreinxt ef f
harddependenhi gh hardhngbsfifaevtairge eut esti c car
type) parnmompdesed abrasive wear trhéesil «t @drmca.nelda
drops actelravai n val ataftggd BHRGPmMobgameéous distri
of smaller sedMovdalbl@ tcyupd) deecmifée swmdl Wi amoant ¢
| argrees ovi des t hdMabes hasdhte$§eprriesy eiayap dri tdaen t
removal fr ometshpee tnaetirtigmebnaki ve weadrn mehd hsa rciassrx
t hwear i s i nteanhgel faised cdudef or mati on of t,he tem
foll owead bbyde cracking and t hénirt hree ntoavsael offr oand
we atrhwe ar resistance is @amngepasald Fmproved
especialnley .| dogvever, as t he contthaadaer bo alacist i on
stdrot agtcuttjtnrgapesdgfeosr weae atdrednfd fseramald - mat er i
upthi®ading to high overall wear rates.

Ther mal I[tohétediohgsokealsigmas dli cainithtsdasir bEasand yi
stremMgpwle Mdveear response at elevated temperatu
change hemeachani cal p raodpreorpt ti ie® a radmde s s d aes ed b
decompostihtdteannpeafed mar tbuotsilkhy sblo@amaiaxoneé df
gl azedA | saonfedrteri X pr omot egssé eddi fnrimatn ecduced we






Xi

Povzetek

Obraba je ena kljucénih tezav v knnododlho &a st jaihh
zivlijenjsko dobo. Enako velja za orodja in or
di ser©acziyein obrabno obnasanje orodja v razl:.
pogojih je v veliKki meri opdvaxdmnuo oz imj il msv o ol
obstojece literature je osredotoc¢ena na komer
obdel ave izbrani tako, da se dosezZze najvecja t
upostevanje specificdmazmi E€nobbttuklowrmad pm r az
triboloske | astnosti se ni ustrezno razjasnje
ovrednot.i konvencd ap mtaa ok wdtnia, | sokil tas aiedloik ¢ s p
drazjZato | e dmiklt ocs k¢ diesertaciije raziskati
mi krostruktur konvencionalni h orodnerhj gnredksetl, (
del ez, velikhostdotéeépmartenzitne matrice na ob
obabo. Rwozl | uinklsble iva Z tii mp uv e | ii kho sdteil ctervd v. matri ci ,
je posledica razli¢nimolkegnitesdkd hsmesnavmijlekaeasd
spremembo toplotne obdel ave.

Rezultati so pokazali, da izmaanaj malt j$eaolkr &
zzn ASTM 5 ali manj gner ndo & e Apreiotaiszuarcoi jaev.stPo dr
pa | ahko ad@egmdvizlarcd j a materi al a vopdii sdbada nrosd tii

neraztopljenih karbidbmehkRaskpothettnoteoboi posl a
obrabi

Prisotnost karbidov razlic¢nega tipa, del eza
matri ci ima razli éne ucdinke na obrabo, kar p a
trdotah matrvkicekivie€ékt i deitla pkax)r bp ndoowpo Kj 6§ abh d |
obrabni odpornost jkadPaor dtrrudgot as tpaadne poad dol o¢c

HRC), wvecji del edi g tnr im@u g is jihdo mb gk bbad ML) ¢ Mp a
kombi rzaiajnieg iethedn vecj i h, stdia. nTarjdbootl g snea tlraiscten of ¢
za preprecevanje odstranjevanja karbida iz mat
Obraba se poveca zaradi plastiéne deformaciije
pokanilki vwekarbidov in njihove odstranitve iz |
Pri adhezijski obrabi se odpornost proti obr
kari dov, z| asdaravkeobnitkaikht.niK pogoj i milejsi, | ah
rezalni robbwadbalpaestiin zmbmoc¢ja kopi cenja prene
do visoke stopnje adhezijske obrabe.

Toplotna obremenitev jekla za delo v vrocem
teCenfal pé¢éni tedombi pb®Melpawi sani h temperatur a

sprememb mehansrkvient Itausdtin opatviasdtinettase jeebr abl j a.
matrica pospesi oksidacijo povrsine, kar zavr
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Chapter 1

Introduction

The wefarsurfaces is present in a variety of

economic and technical conseqguencesr.eskrlam nagn
frdmiction and weafbrei shestiamgetedf 1 to 4% of
procdtu of i ndustrialized countries. The effect
industri al fields such as agriculture, mi ni n
Wear is also one of the key probl emsweiln many

being a very important factor in determining
This is particularly iimmpbet aett afomprboebsi agd
i ndustry.

The inflamemanesmi@dr ostruct ur e orno ptehiesliimeecchtal nyi ¢
rel ated t o t Mpehaksienettriacnss foofr mati on. Change i n n
influence on properties and is directly relat
Wearhesptogressivéerbmseoonof amat egi abrfaces in r
al | machines | ose their daemhdi Itihtey paomsd,irbdalliiahb
advanced maceclitmreaweamde pyobl ems. Therefore, wea
ani mportant fequiardevhaenncte d and reli abReweéarchnol
mechani sm can be quickly changed ,bieka@auspged at i
conditions and materi al selections. Al this
mechani ealt i psovwenadr amrtaperti es. Mec hgpdné@aadl t and
damages on t hwehitcoholc asnu rffuarcteher[ 2é¢sult in tool

Mo s t of ndel ietxearsatiure is focused on the com
hedatr eatrmneqiitme @s selaencatnenderi t o achi eve the highe
materi al without mu c h consideration of t he

mi crostructiursd.r eMagtteérr i(hardness) and toughness
have been obset hweaart or d nicgteaarscce o fenmn bteladmat er i

abrasive wear rate is proportional to the har
for peutr ael sm However, i n certain casetso tthav anat e
a major influence in ter myi @fwpostehmai crreossitsrtuacn cuer
understanding the tribological pmio@rea g ti rewsc ti nr
changes is not yet proper | y -hcalradrniefsised.iwelaarat d
steels is mostly focused on ensuring high har
This is based on the assumptpioon itomatl tthoe twvheea rl
of the material. Different experiment al findi
martensite matrix does not guarantee a high
martensite may cause a | owelre wearrd messs sdafa ntcheg

very high.

I'n thisrdesewachmdr e f oc usbeedh aovoi fa useenl do eteart k

t ool We epdrrsscumac haandmbemawitdier sunfdabesanmfdace
of the materi al apctdshowet bentwwaeat itdebmi csoetel L
during sliding aglaoaighte driefwfesarkecnivacso ufnotceursed on
mi crostructures and hboshesls vampesi bif owWs f f €M
t hehemi cal oosmp @siutl it in di fsf etsspaped ssdflzemar o r a
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particles in the matcrairxbi miesiitcxirdasct uTde B e wa
thoroughly investigate and describe the effect o
in theimatomi hbdhpogpealies. For a morkeldaviaolted Kkn:
of carbides in the matri x, experiments were des
movements at the initial stageasoaofbtoedeyarrdmond aft e
relative motion. I n order to investi ghaetaet t he i nf
treatrneegiitmene pl anned ias euohtai mamntblake steel s

hardness |l evel. Thid&epanameé¢étedr dafetsiBu @k dh dame us on
mi crostsi mdtl wetehtee i ol ogi cal behavi otuheollumeor der t
fraction and type ofdiddremiecherselisn wtihér rmatfrfiex ent
composwelienused. The micewstrwedmbaogscahbyd and

al so correlated with other mechani callhepropert:i
infl o&mteer mati on and wear debris removal from tF

addressed.

Theaiindea Whelei dbctoral dissertation i s that the
used in mredtettdc-bedadt ment, procrodwureufficient to d
wear rest betamecle. oWi t h knowl edge onfi ctrhoes tirnufcltuuernec e
compent $ hwaeare havafoutroopri csrtoesetlr uct ur et lobpesitmi zati or
tribological performance of the contact surfaces
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Critimpelr attaur es as a f unmdrn loinmep fb ocuanr dbaorni ecso nht eetnw e e
various phase ft bierdsaralren | phhaed deasddabpgpr ame ssi ng

temperatures for the formation and transformat.i
ddsgnat i[dbMhtAay | @elyément s commonisyhwidsed hien btoawmld agti
of theaiboem phaBacldi algemennt, depending on its ato
structur e, as related to its atomic number or p
ei t hefrertrhiet e cryst al Sstructur e. Marn gtahves sceyesit,eni t e
cobal hitandgea shabalubBtenite trheegiidn cand tedenpree ad e
On t he otdielri chaam,d chr omi um| umbohybohheaumr &ardrite s
and  adrsieti cal temperatures, thus shrinking the
may form dispersions of nitrides,[5Jarbides, or <c

2.2 Tool Steels

Tool steels are used as a materi al for tools to
usbhbhyi ghly stressedTheyi ageseasedcén processing |
forming, machining, battering, die casting or t
concrete.

They uara in applications where t herwydihtaiveng o wi
and thus they hadeetses hadedlitghbialcéhti yewv el mi grhddrar d
steel neeadhmwartteentsatae ¢ microstructur e, which i s s

mi crostructure constit yrring®rdike ferrite and pea
A mixed classification spsbennktot tbalkasteel st

as alloyispeeli amemeshaheabtl tpeapeentesr applicat
To o | steel samwdé u ma lhio gyhierg e laecnoemmptasr ahawel y nar r«
carbon range. Omatntthen ottdvelr -adltdeoeyl st caonld sltoewe | s hav
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The American |l ron andl|l Sseedi ¢ntse e It sutien[t(6dA | &il f) f e
T Molybdensmelkidgbkt eel s,
T Tungst esnp elseitdgg e | s,
T I'ntermedspeedhsgbel s,
T Chr omi uworhkotst eel s,
f Tungstworhkosteel s,
T Mol ybdenwar khodt eel s,
T Ai-mar deni ngal Inoeydyvioucko | gt eel s,
T Hi eclar bong hrhamgihumor kostdeel s,
T Oi-Hnar deni-wmagr kc odtdeel s,
T Shorcdé&si sting steel s,
T Loswl | oy -psuprepcoisael t ool steel s,
T Lowar momstdeel s,
T Wat-amardening tool steel s.

2.2.1 Microstructure  and alloy element carbides  in tool steels

The microstructure of steel consists of a spatial arrangement of crystalline agggates of
different phases. The size, shape, distribution, composition, and crystal structure of these
phases control the final properties of any given steel, including hardness, strength, ductility,
impact toughness, and creep strengti6]. Tool steels are usually delivered inthe soft-
annealed condition. In this condition the material has a microstructure with very low
hardness ready to be machined intathe desired shape The microstructure in this state
consists of spherical carbides in a matrix of ferrite grains. In a highcarbon steel with the
presence of other alloying elementge.g., AlSI D2 steel), are larger eutectic M;C; type
carbidesin a ferrite matrix among uniformly sizedspheroidizedcarbides[6]. This type of
microstructure is also referredto as spheroidizedpearlite (g | obaudé mend a it Bii dhe s
a ferrite matri x)
The basis of heathttraeafmemitli oasofinaustenit
room t emperert umiec rt s tort thc tTuor ea cchoi nesvtei tau egnotosd. ¢ o m

theeeded properties, t ool steels commonly us
conditions or at el evated stod mpempteureas maav & nm
al | cgyliemmanmtbi depiptrf®&liBgé s For this 1 @masnerc,hanmhive mma

pursued for sdisiechgt heni hgrdening and precipit
precipitated during tempmatirigx)r.ei nforce the m
Martensite i-somsthiatrwdemt ctrlmat i s obtained whe
(guenched) to room temperature from the auste
nodi ffusive, there is a negligpbhte mograaiboan
when transformi ngUfferramt @u sdtiesrtiotre st ¢ he | attic
direction, and so cred&tiigBg[%®la tetragonal struc
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[001], (001) 4
-
/% y ' ?
+ t \7/
|
|
©
|
P - = [010];
o
»
[100];
Fig8&Martensite transformation during@tragiodadool i
unit cell outJ®hed in austenite
Martenasupei saturated solid solution of carbon i
with martensite f drhieatridemi agmed ftrhem martensite
all oying carbon content in the sol i dmesnalsuti on.
duringrahefor matease the density of the disloc
mi crostructure development the slidifndldi stances
Because t he nfaortneantsiiaane daccanrss t hrough a shear m
di ffusion, the morphol ogy dfeninha otdlgslklatee i s mo st
martenbateformarbhon| stweés Cj<0s51lwth | ike and sh
di sl ocationsensshee etalbamafaarbmosn fsrtetne ke gasr dp Isdtoevs
t wins I n pouscphlyejcalbr ptriobteecsmper itnhgato fl emar t e n ¢
start ast hsm@aaoneasite i s rhoeoant etde nipoe r aalk auwr ee . These
processes are associated win ht hdei fffierrsetnts ttaegrep eafat

00 ttac)YxrmG bide forms from martensite. In the c
omame repl aced byAfottehrert heel epmi@enct irspiiind @< ti aqe olf,

e martensite is still acsarmpteaismtaextad etd and hwawalrd
rtrher decomposition on heating to higher tempe
380 the renhibf ecedmbome-anidd yedeshc o mposes into fer
cememthitghly all oyed tool steel s, t he retair
ul ttihteg gher tempering temperatures Thheeeded for
matitambml|l ef carbi deson htathe dsstgagecalf tempering
he second stage of tempering. I n the temper at
precipitates within the martensi t&.. ITrhealcloanped i |
seel sdenvbaseffM where M corresponds to substitutio
Cr, Mn) in addition to Fe. TheUocacha&meéi may of cen
grow by di s delautbii dre-caft btothé gheel sect petaémenti bag
the twin boundaries oft hhmactit emasi ba. oOt cemesitti ¢e R

E—h—‘mr—f—hf—?m/‘\
T O M®> o0OCc o

= - n o

austenite grain boundaries or interlath boundar.i
of the dédmbonhensite i 4 heamisvwedutfirooomm Tempering a
temperatures |l eads to the precipitati®€£n of more
and¢M I n steels containing Cr, Mo , Vv, and Ti,

hardening ,wthithe cealt éeld secondary hardening. The
carbides also | eads t oDurhien gdissescod nudtai roynt Bodr ceenmemg
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al tedyement pcraerchidpdigtsaitneg t empering contribute to
by i mpeedimmogbitlhi ty of thj6matrix dislocations

Al l oying to produce | ar geesvoilsunme najacrt i dinfsf e
design of tool steel s @dhpayrd®Retcdtsi el yebagge
carbides distributed upn ptrh ea nnmda rutpe ntso t25 mam)r i «
significatnhtdry thtael drmagter ivkol ume fractions of car
hardness and wear resistantadallhsepyq o varriedp nt v esdh ap
resistance t oThaebralsliovye oweeralri.des may be produc
during hot work or austenitizingt Hmarr theenrsdanicn
mi crostf[ URitgudpesetsemampar ihaocmd nefsswsen di fferent
of carbides that H&Bipd€£xraribn deodyhpetaeg®Ibd | cCrys
strua@atrer e n greincehr adarCxi des . M stands fwvbhermet al
in this cadhe ovhh mene,r e of el ements | i ke Mo and
They are very effectieawt eadaiibn sdte sa bi1mé sri@awméy uving agrh

arbidesougmigyesfrom( DR ot o2HOZOPOL.GP ani | ar efloerment s
hM:C;c ar bi de Mpgpcea rfloirdre, whmern es It M nadgsaTitn®s Cs Cr .

arbide agpbki lasryst@udchstaoarckeiudessual 'y for med
nneadeémgndi ng on dmteermthriomi tuime ¢ ot ad Is.s oM hwveey daut
ustenitizati oemx @d AddiOndg &Mheyr ase pr-Esesnteehnsh
and halglpestdeel s. Cr can be repl avé &Mhanwd tfMo]Fe t o
Their hardness is inthgtemerdr shdi@svbabi deweype
(300 .MVt her c aurshuiadlel yt yepoenntcarienaisnegd amount of ¢
MsC,known as cewernhtertee.t hHe main .M letl etmemitc ailsl yF
bet ween iron G@a&me rctairdbde neddoleisblness high enough
abrawear resistance | h4iVoeorlyi rnedd f ceemnt diwteii s bi t o
often found iMCttyopoel csdtrdmhldse nsbrsewhs cherFi didrgeh (
4d compared to othenwi ccashi det tylpheesyo absldtlaieteuent s
centred cubThemat rdli gstsdrl evwi Hiencor por ati on of W

higlhritomt at méoIngskadaegéscarbides of nshieel sy wdheae
car bBfiodbemi ng elaedmendt $ narsse ctchh aatmoewxncte eds twhdilr s ol
|l ead tostbatbiade not di ssolved during hardenir
during sol l.djufei athd icgmenmge nt s scelgu etgearts oo f segr
carbides aré heosxaséentmadoetr i wbdr k breaks up t he
solidification structures, but b e et aeurspee rtaht eu rael
hot working, they are [ellbaegated bhysohéeohod ws
temper i n-gp esatdenkibgshe, v deei r si ze iTsh emuhcaho fsndddslsl e r .
c
t
c
a
a

amounts of.l Crhasdb&en reported that gMGatse stthe
compositionl8dgThavi breythermally stable type
i solated particles. These carbides provide v
car bhaweyr | i ol edinl itthye[ MBS re®Ixt ype car bides for
encour atggeng ptv&4M i s ei t her W, Fe and Mo a
denoted asdC(6eaMbj Wpmebdapendi hgt eenl cqgmp it

or
osi
it can abbtomodesasté amounts of Cr andeCVisThe
guite stable. These carbides dissolve in the
41150 °C to téeatshdvwedwesr tiemmppr actice they do n
[ 156 MChaaf acentcruebdi ¢ structsrhearamd sex ifbiatr oun
HVMC carbides are extremely abrasispreerde sit eted s
Mol ybdenum tphréecomontaetsiMeCat y pe c aTrhbe sleersbhi dea have
hexagonal cr ysdladv asttad ctttaimépe c dAhear egatr abdhd. A

750 °C t hey aviG-taynpse oc anmbrigdaecst i on[ Wwd'lh bBysFueal | vy
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[e¢]

precipitate duhigtpereempdreciengeg @fs a metastable or
associated with seCondabydéasrettammymdgelse M har dness,
foll

MEt g g e c @ribgidiees

Af teerardening hetahhe t mean onetntuct urad sofnt ao ol st e
s ome retained austenite. Thi s i s the austenite
quenchimnigeusrtoemi ti zing temperature. |ts amount i

I

depenadmntar bon content as weh&stomghegr imlié agineceg e
Ms temperature (temperature at which transfor mat

ymartens) teCatlon and al most all alloying el emen
| owtelh®ls temperaturet.heAghdedemeswtft all oying el emen
di ssoltvheed sit ptnhiet el ower t he,awsd ttehnep egrraetautreer t he am
retained austenite at room temperature. Thi s [

temperianarmredeesamount of rethenedstensttai cempesi:
enriched with carbon and other BuUé&adthdnegs sel ement
martensite wil/ be formed upldhecambiumgg ©Od redmi i
austenite can be reduced or transformed to mixtu
stage of tempering as discussedd elaiwl iogr st 8iemnis|, a
the more highlyadrlampsddraudtoemiat @i ti c mi xtures o
The bamindrtdsctructure consists of ferrite plates
separated by thin films oémamntsitai t-bhapadéecak|jt
subunits under certain conditions may exhibit a
can occur in twppckirf fbari enritt ef aarnms | ower bainite.

forms -carboglheslttelwel st emper ature at which upper bai
t hBlst emper atTuhree | ower bainite microstructure is
marten8jte

Fe3c Marten-
site

500 -

3000 /MC = —
2500} Z
s | U
§2000~ % -
ul
; 500 é w5
:‘Z-E’J % M23Cg
T 1000} Z
%
¢
/

AN

CARBIDE TYPE

Fi gdreHV hardness of differen[tltypes of <carb

As mentaibowvéed f er ent all oying el ements in steel h
properties of theamat eerfilalenc®lse ogerml | oying el enm
solid solutions and different phases, changing
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changing the solubility of carbon in ferrite
transfofm8l1ions
Tableummari zes the gener al alloying el ement s

their effects.

Tabl Al |l oying el eme[lnt]s in tool steel:
El e me Effect Stoichiometry
C hardeni ng, for mat i
promotes formati on
Mn increases depth (¢ /
Si raises the solubilit /
andqagenched hard
hardenability, corro
cr of i mportant wear ML, M 2B
hardenabilitgiffereaa
Mo wearesi stant carbide MC, «M
brittl enalslsoy end | w0t
hardenability, hot
car bawmaesni t riinmdpeosr,t avh
Vv ) ) MC
abr asi vees iwetaancre, mu
Fe, o <carbides
W hot hardnes_s, f or ma M.C
carbi des
increases thermal s
Co hardness, reduces t /
resistance
increases toughness ¢
N i |l attice distortion /
guenching

2.2.2 Hot -work tool steels

Todatyher e are numermmouK ttyymds sdfeethdt t hat can b
| arger subgroups by the Al SI. They are charac
el ement to impart the high hot hardmhab®de chro
[ IHar dnes st g wsa ptsheéd mast erreisailst ance to pl astic de
against wear mechanisms such aTheabtryapii manl, csear
contentwoirrk hhootol steel & uUB.OW®eldA.t i vely | ow
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Tab2el assificwoilbnt obdlthét §éb1]s by

Chromium|Tungstewohbkt| Mol ybdenuwmoihk
wor k tool steel s t ool stee

H10, H11 H21, H22, H23
H13, H14 H26

H42, H43

mol ybdenum an
howor k shewl s
properties fo
of cW | ower i

greater car
t r eatnmueshte gi

wor k hard4doh &
3upwt . % HRC enhance(
wor khargdnn stability, f
o 0p HRC brittl eness

chr omi wwo rho tg

*Werye | ement (tungsten) equival ent

The st eenorfkora phpdti sbtet res s st ant to softening at el
Howor k -stt cecell grades are commonl ¥y oamiogeadl eimeht s
such as chr omi um, vanadium and molybdenum. Car b
during tempering rampd hsecempgar gt hme dening retar
and can also increase the hardnesal (edgecroendtar y ha
carbides and the r ecroiveelr ymeaorft etnhse t dics Isacrautcitaunr e
el evated tempaeatihres ecdeétsd mmic e ,ttc es chfatredmiersgs. olfn
steel sesglietclh etalse i ncr ef@]8i ilgpu $ e miplee ah airkness stabil
temperature is veryemmpoatante. hahdnasghof sever
whi ch are -wbsk -sttteell hMHrt a dleNs® .33 1) Mantd No.

1. 238I7THL0) , was iynversntegat&diahle.se grades bel ong

chromi wwmortkott ool steels. The grades were not amol
tested, but showed theAdbebitgbtatbiéeéngtyhuapnd ot 60@h
to the resistance to mechanical and thermal shoc
is a chaehgemiaaal cOeaenlpaorsdds omthealp.r esctiupdiiteadt iton an
effect of sil ioctoheaarbitdlees otreetciilpiittyat ed duri ng s e
el evated t emperneotrkr etso oiln stfh2ed | h bAtlwsad s Hslhlown t hat ¢
shifts the secondary haerrdienngi ntge phpgberka ttuor ea | ower t

Hotwor k t ool steels are used tihwi ki fcfasnte mtg apgpll ii
met als and all oys,,edxhellsi 6 usdnlectec afessri qriurogi s | y
exposed to tkeaperdanhutthemperi ng t empertahtautr,e r ange
thecalbbled tempering effect of the titde@hp esruirnfgace ¢
effect wialdlecresawslet oifnt he mechanicalssamnd awear pr
[ 203] For exfaonpd iemsgu rtfoaocle can often exceed 500 °
temporathygti Dgeprocess temphekdeiad uag ast iimg tdfe Irrasses
were report edteadtool |seuvardf atcoe t emper at ur east od ar oun
depth of O0.25 mm, aluveérowughhaomt ypdri od of time (O
brass alloy contacts the die surface [10].

2.2.3 Cold -work tool steels

Colwb r k -stt cecell applications are restricted to, as
temper at 2lds °(C300 | havgeket abl sbaebsesnasteedli ght ha
contain a relatively | ow amount of alloying el em

mol ybdenum) . The total all oying ectoennipeenrtast uaree t «
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sohegnang. clasgeheedl jnto three
steels bBbpb3 ke AI SI is given in
a emiedigailm oy t ool steel s. Because
ion resistaneertuamprypyvbhdmbgegéeaoas
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| d ool steel s
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A+C
Austenitizing

[}
5
T e . E Ty AP g g
2 A+F+Q Quenching
E —————————————— ¥ 7 (Areeeonhe e et :;' rode e ) G Tt e vt e e ey b e e e b
o Preheat 7" il Temperin
& /-7 Pearite oo

F+C H,0 T

Salt\ Air )
& 7 Bainite
S
Martensite
RT
Time

FigeGener alr datament

regi[ne

of

t ool

steel s

2.3.1 Heating to

the hardening temperature

Some steels ardusolereweastheadaati ng rates to a <cho
temperdemperatures and heating rates are wusuall
manuf acatnslrheorud d be foll owed when heat treating s
to the desired austenitizing temperature at | ea
especfioal Illyarger samples. The gDbamperfatire dradi a
bet ween t het tsaorrfeacoef atnhde heated work piece. The
mi crostructure constituents and the diad¥nsi onal
to internal stresses that <can, i f hilgM™Maewough, |
f acsi afnlcee t he heating and | ater soaking time of t
(Fi ger.e
Y !
Workpiece -~ ACt.”a' > Furnace
conditions

- Shape - Temperature - Type

- size — Number of work- - Working space

- Surface area pieces - Heating mode and

- Mass - Loading arran- installed capacity

- Heat conductivity gement - Heat transfer-

- Trays medium
— Temperature
distribution

\

Y

/

Heat-up and soak time |

Figerel nfluenct hlgeidtagpt ansl sio@&2 ng
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2.3.2 Holdingtime atthe austenitization temperature and quenching

The austenitizing temperatureobbeet ogtadeeel H
austenitizing temperatures aprrei meedegd ffoomedh
carbides into the solution of austenite.

The purpose of austenitization is to adjust
the reanairtedstMH t etmpretr at ur e . With audtheniti z
required ihar deywabnalxi mi zi ng t he amount of ma
Austenitization is the dissolution of alloyin
solution after quenching. Thtéoxdaamrdarpy eltampdd
effect tdmpengng by forming carbide precipita

matefrlpl
Austenit bz ateitemtmhmreadpebry austenitizing temperl
ti me. I f these towo wp assahnodrttieer amad reea i tad resul ts

guenchitnhgpedrad doed hkesi r edc htahtekmgpseg.atlufr es ar e
hi ghtamwdaking ti menl ar fetmmeahuosntgefni te grains oc

martensite needl es), whitchHopeuleenacchse dt o rao dhuicgths ,b rw
occutt hiemitti al graitrhebetutepdat eegrafns.

Quencht hmpiseg coolfngmofhetaabtenitization t
done in different cooling media |ike gas, wat
rate.

Steels whiehabaéaolfe tahuesggheni t e are subj ecctred t o
to | ower the iTrhpeutmaoxhiamudmesseef a product i s i
because there is al walyedusramey rgfutednicrhedrgaust eni
Someti mes, f{ loreettraainnsefdoramust eni te that,aissrbst abl e
zero treat ment is applied. OQlhenbhebl ngncdomtgiumn e

guenching mixtures (temperatures below room t
t hmartensite t[réansf or mati on

2.3.3 Tempering

Temperinghetatne aftimealt st epealpp)] iprdodwc eévotl hetfi
and mechanicatlhhear dpertdil]léd s emfs ualdd efetrdrorguenct
todecreheesi ssumésses tchaeuaspeidd bcyoDu i inmg theaenper i n
martensitic stoguaddiuiel igoporedulme etachiptdee car bi des ¢
formed by nucl eation amudbtg ramglhi. ¢ diccpe e omped i n
martensitic microstructheeepesi ng@ot dmperndteurteo
di fferent types of toolassniaelellesr. aTmooouln ts toefe lasl Itof
are tempered at | owee oemper hbodes st &mlfs wi tl
all oying el emeinrt st éampee rtactmupred Gila 1 gce FWO® or t hr
Somet itnheeechani sm of austenite transformamati on
austenite transfermpbnooobbi mgr aétidedtnpmpeei n
transformation to mixtu,raess doifs cfuesisrkklt eectabdd ec e

t emper,stubrsegs tuti onal guantities of di ssol ved
el ement carbides can form-dlekxcegpd Hadfi pdeal
7pr esengheener al t e mp e rfionagt adsi saegsr aonT hfecr® | ase eedr b

and -dlolwoys steeledi-tgdil gals 5 0ywoerckl dsteel s (cl ass
al |l oyesdreathi gheel s (cl ats¢si @) | awdhetedi emst eel s (
l el asare#, 2and e dmeasealslbyardd ness octchsege.c oTnhdiasr yi s
hardeni mg hgefrfeedc tpi dlakedyemeaoaft cardii dpeperciapdptrras e(s
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of speci al carbihedemwp deipthteddio hgfsoeel ,C, TGO, VC, Mo
which additionall yT M« eaarge hreamtsh érhec sdrdshde.and do
strengtheni nhreaBied avcsagoiff/Gciaomhi adfe a5 EM asSE€
taMoC and esp@ccal kihd ®amh awan s mal | tedHdeeccan daanr y
har de[n6]lng
o Class 1: Carbon- and low-alloy
:_-“j‘f_: Qass? PN steels
L_“;‘qq&‘;""ﬁa's;z \ Class 2: Medium to high-alloy
i — cold-work steels
P Class 4 o Class 3: Hi'ghly alloyed
B E— — ‘ high-speed steels
B Class 4: Medium- to high-alloy
T hot-work die steels
Tempering temperature
Tempering parameter, T(C+logt)
FigmGener al appektaammerei mg di agram as a function
st e[ed]s
Hardness, temperature and time of templeing are
expressi onby oHanull amenr and Jaf f e:
0 YQ 1 ioC (1)
Pi aHol | eJnaafpfae amet er | inked t oTit thleteetnepnepreartiunrge pirno c
Kel wKkiimc@anst anits dtihdee i rPclhhaoures.ponds to a hardness
can bdrrdaemaeld di agram (mastertpmajaoneittey a@cfuralel)oy F

t heonskian{a®)]

2.4 Tribology

Tribology is the field of science that focuses

relative motioneMmbolalciesgal dl sdibpgxtsltinvolved wh
moveeilmtion t oSuerafcahc eotihnetrer acti ons practically d
every device. The surfaces of solids consist of
friction, wear and Il ubrication. Twoahecedament al
wear and friction are atomic scale defects and
properties of materials can benefit[R2B5Ftonsi der g
Wear has been defined as the materi al removal for
with a mating surface, which [m&®y/ ] cTahues er efgaiinheusr eo fc
wear , mechani s ms and wear rat e depend on the

mi crostructure and sur f gc2efeparro preestii setsa nocfe tihse ommae
most i mportaespeciopkryiensn tool steel s. I n most ¢
component tfhael |fu@ed tolmei r repl acemdeirmte. flotr mat sonl e
transf eei tfhielrmsf rom t he onfarcdm nteldle maxtied & at esi dues
debrRieducing the weatt todr epfhoerledt m@$ 3sih eseuhraftaecre al

pr

oper tpreocsl pahngaswll i f e . 't aleosirkeidluicteys ftdire @r ac k i
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t hat can |l ead to further tool failur agshhe Obt a
propertthteosol ssf al so i ncreases the quality of th
di mensi ons.

2.4.1 Wear mechanisms

There are four g e nabahb s iveaad hwepsai cvifiea hwiegaue : we ar a
corosion wear

Abrasive wear generally occurs sahenimampdaan
contact . Duhrdamdy a&srnd ds mgrp asperities of the I
softeFi o@ge.(/]

——— = Direction of abrasion e Direction of abrasion
a) Cutting b) Fracture
e Direction of abrasion ——— = Direction of abrasion

Grain about

Repeated deformations by subsequent grits to detach

¢) Fatigue by repeated ploughing d) Grain pull-out

Fi g8reMechani sms of ahurtasinge wearc:t ungecbrudt at i gu
[ 2.5]

Adhesive wear generalady matcerisalwhearsd wiom g ¢ onm
adhesi vemebonhed in the <contact interflaee. L c

contacting swhifal else o< utas smeetre rbiedlwe(Engtuhese
9 2.7 ]

Y w

Weak material

27V

Approach Adhesion Transfer
Fi g@reProcess of metal [tZB]lnsfer due to

Fatigue wearcaiusegeyoalréedtdiyng durDumg n$lridit n@nan
rol, Itihneg mat eontidssubnpecot very high | ocal stress
St reedshse sur f asteaniamadroalceka df or mati on and propagat
are geneacatreadimy number off2B3%]lpeated contacts
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Corrosion wear generally occursawbenossilviedi ng/
environment. Tribochemical reactions produce a r
ti me,alsawcelr i s rdeimmbgv.e dwé@gresliis ddthememanhedebygr owt h
rat et hreedmo v a l of the2weaction | ayers

2.4.2 Methods for wear investigations

Theamreountl ess influencing pdawaeametprepahenesdgedoer:
resistance, twlival uamhkem deina weiam[g2.8t]a&Sxck ent i st s

i nveatting wear @irfofpeerrdnte sapsred asnogh esi gasnmdhdtependi nog
goal of the investi-galtiisckn;t eusnti,ditirvgient idoiesadl ptieasttd t i
batiki sk hti @gdetmper at ure cont i nuCoAUTS) ,atbwiragste roat drees t  (
cyclic impact/ abrrga@ébmplad ¢ HT OuAsigs t g ingen t o

t hmechanical properties and contact area of the
pin (bmlldtie) the applaited cdtanlaldeldesHer t zi an contact
Thé&er man physicist Heinrich Hertz described el a

shapedwibtady oad L comes in a contact with a fl at
createntact zoneFiogfumré¢ aBdkA]lusot,a t he mi cr,ostchoepi ¢ | e
contacting surfaces are not completely fl at, bu
depressions. The real contact area between two ¢
asperaintdi dence it is typically a smaBB]Jfraction
L
L=0 S A Contact pressure

_L (normal stress)
]
I- - Po

V — J + ;}I'I]

[

- r

[ 4

FigabDeSphélatormont az)t mebmedhdaadhddi §tri buti on of
contact pressure acxk>0]ss the contact zone

The characterization apd téeetmesstbacedamibkebywear ¢
me as utrhwegart tbwpei g htT hleo sssa.mplwei ghted before and af
andhwol ume | oss cdowkreecal onolrat ec.l i abl e and one
used metthloaesa sfuare me mti ad f d mesdseuirse méwee amwfvol ume
usia3gdpconf ocal mi cr os we pveo.| uBrees entk acchnee @memat e i s
obtained byhwdl yinddyihagghe di ng di st ance:

< ARROR- 11 ji @

Wear is also often expres,sdd iidn ntge rt hse bayfp psepre ceigfui:
t hleoad applied:

iDAAEﬂE@O%% i, (3)

wheWd s heear vBil smappel i ed sli cadlhi@éhidng di st ance.
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Phases that are present onfrwedmaysdirfhrcacticam
measureklhent ¢ he invebmigadtsonuowtfur e bel,ow the
scanning el ecst(rS&mM) miwa it dsroeadyeedti rsqoeercd irwes copy ( E
and electron backscattered diffralktaiomopBEEBSD)

insight | btedhh atvdimoduweeaar metnheaemiosmswuthiunet he we;
trackasnalrfesed di fferent ncil ewigrgasescs i o aafl Vi ew
the wear track. Focused aroanl stmeaanp p( FleB) ftoe c hS

transmissi on elTekNarnoan ynsi ecsr oosfc a phagl W oS EhM,s ube Bf Salx e
and FI B/ SEM analyses were bohedstubsgiryace det:
anHtehavtiaokuirng pl ac,asdureipmofydvepdhorwe t hparti cul ar
casethecoorr dbehawmwoifouar 304 L stainless steel/ al ul
focus of the investigation.

Sliding we & ot hkkamagkkesur f ace | eysee eqriwdg tcihc un
defor maegadinng t o nanogRraaidn sciroynsataa |i | ooy trvaitptinfd it o |
was studi eld] o]l @ait hets &t udy itetnd atbegcohnngi gri ec roofs ¢
waempl awysdadBEM equi pped with a HKL Tre haloil digryg
wear tests conducted on bronze and tNhwesahhrowed
scar c orasdiesftosr mefd bulaksexv®enmel gangpl astically de
nanograap e nt eFd gurjed. Tlhe lcocyasit al l ographic dire
sl i diirneggc tdi on @S )d eadr ea cccoolrad i Tnhge rteo htahvee ianlsseot .b e e
focused osetheocalbsebservation of the wear tr
di fferent [t32p%®]s of steel

Textured nano layer ~
- T 3
sasunmapiinaphugnne s gt wenw
o Lk 2 . o L .‘»_ -

-

» T -

¥ o 'Qéformea hulflayer

Fi gurl®Ori entation imaging map forwospi madarldom
t emper[adtlu]r e
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2.4.3 Friction

Friction ithmrdeesfiisnteadnces t o moyv eonveenrt Hoigohechreer . bod
dissipation of energy between sliding bodiesl t depends on the contact c
surface roughness, the presenceetdtrheali semmmeantadfal ox

friction force is proportidohal ptopohtei ammalmiat y f o
t hferi cti ont imorcnreadamidosa | ed t o dkhe ededitremttiicon of

coefficients go.ftlhteiitcd riG@fua¢eC®OFYy simplistically qt
gpropenfiesertain combinationsaoft thapendahs$. oHowma:
parameters such as temperature and sliding speed
proportionatlhfery clh @ towteldremmr cn@alandad. Much of the ct

of friction are a result of the properaies of r
sliding contact is that it is distributed over &
than a | ar gceo nntuanchte rpodafnt st hean taapcpte diregt wehéamt g
surfacdsesrimaggoxi dative wear or fretting, is cont
(compacted wthat pafroi méesffrom material from both
aredacs not have a fixed |l ocation inside the cont a
surface as sliding progresses. The frictional

me hani cdlockningrdbetogmene nopposi n[fg2osiur baadeal ,
contri buthfeonct oon force comes from twot mechani sm

asperities on a very |l ocal scale between the two

angl ougdfi nghe broken asperities and wear partic

sur flax@pe frictional force can be expressed as:
Fe 0 . (4

whelie s hferi ct i oniad hdtoartgec,on( kii)ndtriiact(i onal coeffic
Ni s hreor mal force between the surfaces [ NJ].

2.5 Wearof Tooling M aterials

I n many industri adt ewhpd ,imaitn ornessa sodn tfooorl t ool f ai
to be wear of the tool. Wear is affected by diff
to duringTophreatli ove.adependre etalh é yciomalelnay ionfg

el ements demecmbsit ntghtdolnd e sa faferl a atnidoanre e f st an't
carbides ihtthasmbhéenxshown that for steels, pea
such good wear resi stance as a mp2Aenbatidc mici
particles in the microstructurlel,Alddirtbiiadreal Idy,cta!
greater i nhakuremscieveonwear comes from théehbardness
than its vollafme fraction

Furt herhmneo rwemahtavanodurwe ar r e stiosotlmiaricge r iq #. bea. Ih e

st epied argellyated to the tempering conditions as
mec hapk$ewver al papers can be-tfre@nrdeegébmd Heéreef f ect
hardness and wear behaviour oft hfemd |l oswi engl <,h awpltiea
regardirogoworlkd t op 26 s t45¢]] s

The propertihes,matker ihaadr dness, aamred ttheughwoe smai n
par amet er saltrhehaedeyhacer r ¢ hee @d ofi t hHen mati esr iwaly.,
abrasive wear can be Thhieni Mi cgkar dsumbsdaint f ak | ya.dh
abrasi vheabwaard decadevwsi el y accepwhidc he gfuarnt i omst anc
combines hardness and atphpdeiagd textte mrmgal l oad duri
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. 0O (5)
)
Qi stat almevaoleumoved peF isnittotsall i diprpd Hies nbe mal
i ndeomn ahardness of wkKweangcomastantal and
Therehawever, modi fied modeles hehabrmereepweart
specific material of i nterest ( € oca Disraikti tnlge me
into account other materi al properties, such
vol ume . [(fertg&t8ilMatnarbiralsdrv et hweetas neoxrhe bhbrteihtatvylieo u r
has bhesmcribherde iditeakaifimg@gct ur e t oughmoedsusi masnod el &
consi deTrhaet i @mwesar venodel based on | at etrhad cCra
vol ume wear rate pey wantbhpaaritdiicnlge sdiisntvaonicvee d i
5 oroo* (6)
“ o To7
whelrd s a mandcaperndent constant, N is the numb
| o&dnBi sheel asti o) (Modlgsss.t he fracture toughnes
I n anothernt heppumactwear rate per unit sliding
. o7
V] | T ()
o’ o7
whefrds a cloha6&]t ant
The hardness of tool steel s issolgnadi mntliyvomfha&rcd er
ot hmartensitai@Geaslodhmmermdtisn generahlaradmretsrsi b intca etacs
car bon, chmormiylbrd e @ dh) and by <carbides presen:
(undissolved and precipitaftéeed Howvehiededness | nq
fracture toughnewmwseaandesspéetanalapfedc ald biogass air
we l | defined yet and described in the I|iterat
di ffemarstedFaltlhoeepmpolsi ts aenple properties can di ff
from carbides found in different steel types.
Tradi t,itohneelalry o f t ool stewdr civemela | t Bc edasainmg

har dmwehd £ h |laedeedsr etha®@ @ ghness olfHotwheey enma, t eirni as o me
of tbmbi ned action of tahberrasitdre anmad uir mp aocft ,t h
mi crostructure lecgsrdobrenantctead omwear ecl|tadi ve ha
but bettef 4.8Mhcitsi liigsue i s byeptnhigmiazdidnrge stsleel h a
toughness relationship thHheep@B] accurate micro

Studies were made on-and fwearskindgeltooésst gat sng
we abre haviimuvwalreddtuedatceondi ti ons. Wear processes
are taking place on the tool surfaces are bei
of wear tracks created on diff er ereta trt eygpterse rotf t
conditionsi awwsd ng esvtai ng equi pment and tribol
perfor med,anansni gilgt aitnt o tbheeh anviicoruaréd & rr taactku rae e a
2, 21, 26, 259, 3 dwe e deet 4t, hed 9i nf l uence of c a
n

[
0] t hebeweaaviimudi f ferent t ool steel s. fThe decr



20 Chapter 2. State of the Art

superior wear resi shahtey coad md diaasli loyny opgom MC
car bidesompari son wteaodi sreornv ecda rbbyi dkeass gfk4.9alnd Neuy me

I'n thei pphbwesetsrsi ng of al ymheaituomolasdeonhigbiablt bys
materi al adhesi anh amdansnfaer . This mwnaunfgceccurs
irregul arities, |l i ke scratches and protruding ceé
buiupdb5.7]

A scherneaptriecsent ati on off carhmi sweast naglac ti d ree witt h
di stribution and si zeFiogfur2ea®maldles c aahb isdheoswnwiitnh
di str iab etaisoatroansé si st andamrlsi d@sogaeiritftfhor m di stri butdi
The proper size and homogenous distrdithuti on show

Fi gur2eaNeabehavimfuruenceedc abrybitdle si ze aand idiestrib
homogeneous distributefli bagpedewd,arch) dheosmovgoernko u s
di spersion of[ 4b7i]lgger <car bi des

The capbésgenst in the matrix play an i mportant r
the topl3gtuedlher more, as a micro ,canbtdeuwadarof
and fracture r ddicomparcfeori Mdd uemencieganif oalmance of

car bi dedhlae dness and f rwaastéuurdei etdo ubgyh mnseosnmse, aut hor s

t ool [slit38¢l s

The tribological propertiedocanthati affeencaed
behavofout he materi al. For example, bwaére can be
hardness of the materi al tata threo osno ftteemmp etrhaet umaet, e rm:
hi gher t he[] 4&]®Om Itdies®o®s her hand, various exper i mi

t hat hardness is not al ways the key factor that
nature of the martensite mepsmnfadicrmccom@aacad oDt e
| ower rel ative hardness, but better ductility. T

action of the apb4&lsion and i mpact

When dealhiowgr Wi tbolhisqg lepd rsa tanrde 1w Ipfeorranaitoi nos ,

of oxi de cdonshhrddéa yoevreshalhla vivwwairr event i-thapet ale met al
C 0 n t[a2cot]
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25.1 Hot -work tool -steel wear

Howortko-st eel ,avmanrg i st b syl s®turad 4y gr eattlhyerimmafll u e
| oadiunrg.n gD ospseurdaltt 0 losn ar ediefxfpporsemrt tloo adhse aatn,d st |

pressur e, cddeltodi og ahdwloir & h mate lea i rad | me c han
and tribologicali ghtgdiomdegedl mpphé cati ons 1i ke
extr uytshheonabrasi ve wear is the dominaot W abb me

of the toolHOwreakdowndhesi ve aletmwo awar yg ail hp argt
mechani sms bbaédatohpfbélghk eglriendaonmt wear mechanism
the Wwebhmnavunoduerr a gi vfe2n6]Jcondi ti on

Another thermally and mec hhaowioatkd ¢ ly dttolmedles iag
hodt amping probwesasf wher ¢ ool i[s5.91]1 kel yodt st adyg
Schwingeasclhd ®lydt berasi c friction and wear me c
stampiem@ i nvehoviegeatnepda,r i ng ¢ olmomoonrtky o lu Matde e |
Nol 2367t hamedw|l v devellopicodrtke pk cMatte elN®,38W®i t h
increased thermd8hecdninvhié etheeicteyi ng el eméret s, a
wear resi stancenimpdrottanstt apmpriannget eirttsaoer mak t o
conductivity. Thebafl eaueeag irfmeeocirsdtearnce, har denab
conductivity, theMatohNa@&BBI oer efl,tthedd wai wagn
and molybdegumndoinneggomte aset her e Mathé&.lt)Gh €-di, c ANl
componsi variati on resul ts i n maf o reacst tsry ypteeht eua fa |
preci peiatrabtieddesveShegatihathaskdowsed i nct letaosoel i mpr
ste@dhesi ve weabt aededtibayglesel,ast i ¢ d eafsoprema ttiioens
on the to@nhwsuhénchama,frraisc ttihen smé oadhtaamsimn g
material transfasip.erfpladtegebniiengg decdx]i f i ed

In the studyetofadWpehesmgdengi neered (harden
mel ting) hfow®IrtkaHoll3 st e el was investigated, pit
tracks that could be caused by the removal of
can be exposed to partidlrofmrdadmerstuatiiacre arnrdd crc
are exposed to very high |l oads. The pits can
of mécaoks . Al so hard andl drge t hemmar tehsdete
exposed to | ocal tteanipiegh nboad weidj ectesdul ti ng
temper pb0} es

As sthetfamde@ar can be qual i ttahhkavred nye scso rorfe Itahtee dn
at room temMpwewmaamnureel evated Ya@&mpeu at werxepse,r i me
observations suggest t hat har dine&&]lnihs gmot a
t emperapplriectahtfioameat o ind e ft riisb o earyye nachoi ntcnino ng r e

controlling thehawiaoruaplrie veeadrn -hgnet hé noje2malb ct
However, high temperatures in combination wit
of the substrate |l eads to insufficient tribo
contact stresses nbgr eohftkri inbgomagpyocsmju@2 s pal | i

I'n general, at hi gdhitgehmpre roaxiud atsiadnhnecrieeé @ ssa n d

inhexide scal ewhhtbkdesetchtdryi bion folguiecnacle sbhehavi
contact [ $8iWherest wo oxi di zed surfabeseskaness|ntk

natur e, the adherence to t hel &wabfrsfdercatt et haen dw ehaarr
andhgenerated coefficimemb&& asfi ofnr wetaromec@a@mR) s m/
COF wi Il be prheed o chien pmtr ti It |leocsoldamwe vilda r,tdh eayn dar e

compacthkeontnact and tagé at@mmat it @k ethfegdl haecse o n
mechani almowen@Opt eyBiAN] so under high t etmperatur
wear mechani sm tilseliirdfilnge nscpeede dhy At | ¢ atdasns| i di n
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easier formatiwearefi shankseornnaddosmpatseldi dionghi gher
s pe ¢ds
I n t hebySveidy[ad]ln chr omivamk htodadll HiEBwat found
at maheweat mechani sm and wear resistance are
mpering Ilcrohdry i ®ohisdi ng adhesive wear of Al SI I
mpered at 600, 200 and 440 °C presented higher
500, 650 2hWed0 0 mMé€bpend mon the strength an
S i satsa nwedtlh ea st menr mavh iscthapsci ay |y | mpaotradant for
mper at ueei g[e2dlhee ef f ect toifmet éompednegs and wear
t aowdrtkool steel H13 ®abr amiva2kGth eg avsoardnf h g e s
tempered Al SI H13 tool steel were found to be
di vi dual aspernihebek. haBudehengopbpé, subsurface | &
d the possihilui syrdfacteheée empprroiprops2efpdhenomena
I ncreasing the Iscaddunyeti acswa@soift estquenched
and tempé48dRdfhwértkool AdtS#le3d resastitgdiwdamant
traicnkcrease due to the excthferiavcet prleasafi ct e f eod gras
wear tl rna ctkh.e tchdes e% ocfhr omi umh oniaa ritk@wo d i, piteos ¢ li ¢
def ormati on d¢iared fl ied o t @fo tvhewda si no btsheer miiceestd yuct ur
bel ow the wear track. The i1initial orfenmndtion of
to influence the 2plllastic deformati on

Q — QO N = Q ~+ o+
5 S hPQ ®OD® —+FD® DT

25.2 Cold -work tool -steel wear

Di fferent investigations have been mawba kregar di n
t ool steel s, with the designation of Al SI D2 or
I n the Stodhg[d¥Mhel. i nvestigated how the microst
wear of D2 steel i s affegtdédedabyw mabt mghresaasemg
tempering temperature during multiple tempering
resulting in a | ower abrasive wear resistance of
wear resistanceqguiesa dhhsoawmp Ibey, adiuea st o martensitic r
fine carbides.

Some worlld t ool steels are medium or highly all
chromium content. Their wear resistance is thei
forming el ements present.

Casell dgsl8gtal aalat ed the hardness and fracture to
carbides in different stwelktypeb,stael udingt Al &
steel, only one type of eutectili d@o£) Mirgh carbi
in chromium, showed great dependence of fractu

orientation. Their fracture3]Tdhei aadaoaesiss olii ghley
M. C;car bides in Al SI D2 toobhdehtel mepatheedt wdy hb)
et [all4ds ranging from roughly 15 to 20 GPa.

We ar behaviour of t hewdrak deoeld &1 &él Dagaion It

carbon steel during dry sliding Za8Oomm/csr)easi ng ¢
was studied by6®BpSeweret aadlh.esi ve wear component

increasing with increasing sliding speed.

The i mpact o mher ootk oshteerdle i cti on and initial
was investigated 6y sKardlesmasgors uatf axle. t MTihlegmet er we
found that the i nintdi aclo enfiaftiecriieanlt torfa nfsrfiecrt iaon i nc
and was enhanced by the proof strength and duct.i
Such a trend was suggested because of the iIincreas

a friction@ld]lmeatciasggd testing temperatures (of
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| abor at oersyt waeraer ntor mally used to replicate sur
frictional heating. However, differing concl uc
when sliding speed and bul k t e mp6e&/akuwrneoswoar e

et [a§@anted to clarify the different conclusio

of sliding speed oxnt dédle pvaeiarrs oifn sttvwece | ditfofodr en
the testing temperaturspeodd aslbiudhign@peacr dietnir @ |
the sliding speed to achieve the s[atnBe]l asut hace
testing conditions that are relevant for Al SI
that the dominant wear mechanism is adhesive
| argest adhesion was occur At nlgowtsiihei 8- owpasecC
temperature conditions, t he asnoeuenlt sour ftarcaen sdf ee
with increasing sliding spedd®d.8dHdwewner eaishage
sliding speed to replicate the bulk temperat
wear rates or wear mechani sms.

I'n the audwowsmboty vehiwoni kum cwoll dsteel s, | ike Al
that are alloyed also with molybdenum and var
operations are performed. It is of great inte
steel sd aintds ffiml I potential, as more eX®dbl9ysi ve

The study by Kiekhlsorfrocataedlnwenmrsti gati on of di
materials that -meteali nf awrsmi ngn tscheedrrel ate the
the microstructure. The initial frictional co
However, althoughtshey o mgduwodekd-Jtteoeodlnt mactod rdi a
having extremely diverse microstructures and
bet ween the amount of <carbides and the coef fi
[ 6.9]

2.5.3 Wear of o ther materia Is

The wdbleat enihalts are usepgplncdtfbesensts al so b
i nvestwigtahh edhe ammr ove and pNt otfiemesl b opgipoorae et s
exampglid,f i gipteed st eel seleHs8f@rat or teeth and
component s¢godvd mlkodirdarifdoard sobeelowj tamat ri x based ¢
HSS opper meatt e.r i TaH esafedilolr eynd ®r st annveag tdfedt ool
ef fect of the microsbfuot beeanaliseoe rianhpsorret arnetv.i
I'n thebyuadag[ts&d nvestiglnmiiconmchfani c al propert
mi cwedre havoifousrecondar y-CeWaMdVi-Gl easiWaggy e n T b d

all oy i scodvderkalinign t he caonli ddll rahlddi ng doxpecsesd t
during application. Thaes t hicg hreosdtu | @ r o es ss eacnod
measur ed-i myg ¢imamowas f octuynple foadAr WiCdhaeyd £ scratch t
al so reha@plpedr apaealolfglrahubhaswidrmhaonkst he carb
perpenditdhiel ad itdo ng diopaethoeaugliCrtalc&d swipol e car
not propagate Mircocott hegmatritke main wear mech:
carbiTheawe.arechani sm of sewaoandprygpacsagdiard i s s
showhi gtBruetthawutti ng forces(FTtx@etkrsameaveéheeca
within the groove perpendicul ar (u@pehesshider
Under t heanaocrtmaon foofr ce FN, i nternal centre cr a
speci men wi || be generated inside the carbide
carbi de ifsr odne tnédileaidxd nrei g d Behows t he mechani sm
carbide o thmacdadge [Bf6]t he scratch
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Detaching

Crack

Fv™—F,

FigaBelllustration of wear mechanism of secondal
CrW-MoV-C[ 5.6 ]

I n anot hpeerr fsotryRleyd i scch Mift ,@hereffect of microstr
the abr awiase iwmearstTihgatmeadr t enshitglzceemht st <elosf wi t |
di fferent volume fractions of primary <carbides

A 103, Zrld was shown that the hardness of the abr ac
carbides plays an i mpoheaeat .rfaitehsei ma bd eatse rvrei mpiamr g
are harder than the primary carbides, the mechan
and ductility pl gy Lardomiesatiinng hremloee eakbemabhei x

abrasive wear resicdmmardehdeptcioa rfecsuyrd ntcdiemegst ceaerl hi d e
At approximately 3@ a% budleswsnma xfi rmuont iadbm acsfi ve wear
is achieved. Above that the throinthiemeamesesappaarce
[ 7]

Font al v[o7izftv eadtdihgekatadheb é ki @a vowfe asri x mod e | all oys
on HSS AI SI M4 steel with the focus on the two 1
the martensitic matrix after heat tretatement sho
cairdbe content varied frame0i mar 25caobi dés weimg.
type. They concluded that adhesive wear i s deter
and distance between carbides. Adthleed rvlei dwee ar we
cot emnd dectledhisstngnc et bearweiEde s. mi ght be achieve
increasing the number of carbides without chang

number of carbides and in¢w7easing the size of th
I 1 het udf@ar eft a[a7iB.hwear behaviour of composites p
(met al i njection mouMatiadgt)r i wa sc oimpwesa mhiedd theads e d o

M2hi gipeedmatekek reinforced with wdkirfdfrefracantte dpr op o |
Speci mens with the esrgeme® dpdcreade swirtulct Mrd and ot her
with powder( Pi)ea hhiumjgoer der t o assess the quality
of the speci marmh#dl dMbmaei hed. vlbarei nfopeeidmams r ei

with 3, 6 and clar bwtdes% pofepd€Ced and compared. I n
tendency for better wear resistanhaba®dadviatsi ¢ mwafr ds
carbides. I n gethees apr oderescods pipyhey ivitdr and mor e
homogemeiocusost ructur e, bemhtierh weaorwvi dhedavi our con
conventional PM production. However, i n both c
obsefwvedsampweso i &r Ki deesspal | y when tested under
Deterioration ofahwgherr ¥§ispteatvanethatl 0 wt . % of V(

was explainedtiseddhealbaarcegpd tahmotunt ofcaebnfescemer
creates |l arger pmeltopndanyswiatth ¢ lhewed hddhre si on
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sites could be easial yt Hfiordagc t aufrtfedafcrta nadli oneand w
expl atimdimgcher wedhm@OHt7e3]and
A stecoywduby¥idret T H]n 20Cr Ni 2Mo st eel wi t h

mi csrtac ucture (material for excavator teeth and
arexmm nat itdhmi cf ostructure underneaadr yt hel icdinrn g
tept?.4]Pl astic deformation and | ar geassta ari enssu lutn
of wweeare fbemad to structural evolutbtwdi&wgents
and grain [ridbiARsemdmiving dhe naofnf ect ed martensite
present far wewdanyddceodn Itdyeer, slightly bent mai
deformed | ayer and severe pllaasmaite dd efacrt mend i It

el ongated and fragmented pajr a49oenle tthda etvh e s |
t echnelsiolge surface mechfamii eamikiomgiuicedi nsgevamae p
def ormati on atr @ fussti Imsgu r tf lic ® ndgnaditemtct mn_RaID.gr
struccainmps tolvfer i ct i on pet ismtrrmeanngcten agnfd7rmhat er i al s

sliding direction

>

tracing of martensite mlcrograph of martensne

matrix materiul

Figurde Mi crostructure evolutionMandtselbsaffac:c
sl i weagefp7.4]

The vweadravi our of different steels with the sa
oZambretn ¢a7l8]The aim was to determine whether

but different micrastomsbi br & sstlhieddessagmeatpeotsavi ou
under |l ubricated conditionawi deher sngel cf uaspml
Al S 5610 (springs and forginfge) , f At i d dAMA4SI (
O1( hi gh s p.eeTdh edtiicgetdite) @ edsi chraostsoticpenel i te, fer
per,Jaintdef erri te matrix with glpoebaurlhairt i coesmerrutcittuer

showed the bes,t wiheialeetwewasss tdainscpel st edc [ bywitth gl
cementieerini @784t rtihxe ot hef f eandd &heaaunder
scar was vetWhfewlpler 6wt £ passt rweclt lsrtfeourc tguhreeb ud fa r

cementtinfeerirn t i cbmatrekatt afed ryr ibtreo asdnt d acd aurrlei.t
In this case microconst i toureinetnst eodf itnh et hnei csrloisdt
[ 78] Great i mportance | shedlavamag i ¢ enrwdloahttihobneswe
mechani cal pr oiper amndc baifuspiteta rfloirt r ai | bryoads.

Al wabdi &9 heéept h of the sheatrh dteHeorwannm osurmbfeae
r an d ad wsatse eelx aAmi b wing d bser ai n haa®@e mar ganiu s
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the surface of Ekbeenaebbi mamar htormean d. The surfac
reachesdah. & attiumes that of the bulk material (up
rail steels examined. The work hardened zone was
14504,
& Rail P1, specimen TT
y O Rail P1, specimen GT
4004 =i x Rail P2, specimen TT
&A © Rail P2, specimen GT
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i x
B 3004 ° a
w
= ODoo oo o0 o &
o] = o] =3
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Distance from the worn surface (.Lm)
FigabrRaiNHar dness variation wit/hp depth from w
Cai .gt8i0gNestigat edmtnmes ad fi fngctt refat ment -and grain
sliding wear behaviour of copper. |t was confir
materi al strength [ &a& dMiweraos trraiscitsutreenseelr § @arcveat i on:
| ayers showed dynamic recrystal lhizipt a b nt easitdi mdpno
was applied.tegtal owrbkbbdbadement took pB&A&te under t
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Chapter 3

Aims and Hypothesis

3.1 Aims

The aim of this tdocftiomdalc csrtrudalygetwiacso ko et awkeeheh
antdhmi crostructur al charfMddtserdioshteica sboavasedolns
the VWwedravofout heascowdalwlor kot ool rcsdmebhnd atel evat
temper dhermechani sms that are occurring durin
and subsurface of the mater i adt ianngd nmiocw otshter uwcet
toolelsweth the comvtesnrn Thadprawemhk dlwacsu stelde on

di fferent mi crostructures taogt ehealr dar@ms o sviatl iuoen
vari ati balse minc al composi¢iems velnetsyhphahc tdii d
sisnd hard particles in thkarmadesixicdne boosheuvat
waso thoroughly investigate and describe the
di stribution i ntrtibbgd lprad pd rxt ioens ,t haes wel | to fii
will descri bedurhiehg imoivteimeIntst ages of wear ancf
acounbtoedly during relative motion.

Further mor e, t ool steel ahardenasddc emdietbiet iy d
hi g hdrheasrs . Thereftbse, tbhednmeaatrkeqitmes, to obt ai
st ewi s$thhe s ame harTmems €r detviedas i € uetniesn wer e
tribol dgscali bgd and wa lttéhoe cootrhriearipaotretrdgyah ani c al
property oif. fetroaocclt usrtee eelooughness.

When dealing wiitnp otrotoalnets ftehéebead gl i cat pbayed
byt hreedatr eatrmegiitme, wdfiicnhal a fnfeecchtani ¢ al properti e
Themedme pardoofohdadass] so f oc uweerdi avri fotebksa t
treatonfenstne of t he i nwveexsttriegnaet erde gtiomoels ,s tweheelr e o
properties, |ike i mpaaoctemgdadgthaeretsesd and tensil e

I n acddildawoo rtko ol steels opgempteg,ddhtmeelbanatcad
and tribologiatalkrf eastmealgt evased.at ur e s

I n order to accomplish the ai ms, the foll owi
- Choosing approwithtdi fbeltesteehemical comp
di fferent vsalhdmdoyffpre@aatt bhioches i n the matri x.
- Determindathieorcro$tructure constituents i n
thermodynamic calculations with ThermoCal c
- He ata¢ meonft di fferent tool steels with the &
|l eveupgr § Bps of different hardness |l evel s).
- I nvestigation of type, si ze, di stributi on
particles in the selected tool steels.

- Determi nahmeahaornfi cal properties in terms
hardness of the selected tool steels.

- Wearresi stance determination of selected to
tribological tsodthseicoosdeacdiupar pnesemhase

during wear.
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3.2 Hypothesis

The thesis of the doctor al di s dteo v latussteede i s t hat
practice to determine the wWammdmknewlistgacef ide.l
influence mifcr ogdti vu dtuaand ¢ heedpdhmaegntasnrdmMmpr ovement
in the tribological properties of the contactin
Systematic planning of the microstructure with i
advadknedwdge of the inditvvimdcalbsts mpghtcheeeze , of

t htey ptehveol ume fraction of carbi des, the mechanic
these componem®ealti nbéhbawntetulri.s fBaatsheadwionng hy pot hes
we rset :

- Determining correlations bet ween mi crostruc
tribological behaviour of tool steel s wild.l b
the influence of microstructure and its const

- Better wear reeidstwande tihetdmhereradedvittyhpe an
volume fraction of carbides when compared to
but different volume fraction and type of <cart

- The ori enthéeair ge wdirsbtirdiebsut i b hmmad tndslwesslmc e s
resistance.

- The i we diedlavofohugat er i al is influenced by the
t hmi crostructure constituents.

- Leswearobissewhed wear debris are removed from t

- I nappr olpea dattarteecat mé nttmad er i al |, raend uriptriompge r i n
mi crostlreatdsréeéo | ower wear resi stance and wo
regardl ess of the hardness | evel obtained.

- Beside hardness, fracture toughness is an i

determinimngsi ss awear
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Chapter 4

Materials and Methods

4.1 Material

n order tthheeac hdoaadlesst eel s with different c he
hosehhis provided us widtihf freircernots tvsalrcud mur yefsre ahcat \
f carbides.Tihre tchhew odantsrtiexd los tfhael Ichr omiam gr ou
owor k tool steels. | n ceeetntemaale,r itales biisg gens ti ndci
arbon and chrolmiemcicrogpntteme sfriadti on and si ze

astweddond&s ytdMr eNveameoantsi s al so present
presence of (ME)grpictmhdiydeghgpfeethmi ctar dli lde
meecmotnt ent and the higher t haeal ¢caaybboind ec ocna retnet
hlrear dness ofA addsowiit gstticeoehl .st eel s sel ected
oying elements is given in the following s

QY DO® T /~O0O TTO0 O —
&«

- 3 T T
— aga o o

411 Hot-work tool steel

MatNo. 1.2367 mod. ori PArliSrhaisHeldly anso da. matienr i al f
the prdcessasting of |[|.i grhotwenveetra,| sb eacnadu sad | oofy si t
it is also often uswdr K ogt rhd gthdryalstgaesissfdohtot
die forging and extrusigommmeoki apppl chabtiill ba b | e
wortkool wstamedi fi ed compoesn té¢domt. entt, s 8i shihndh
increased V contenwhith ahaonebdasisadded &nd oft
toughness alhde sdasotfyipgsd gl s are usually tempere
°C to achieve their opti mal mechani cal pr
ical workimgworakpgiaeé $ oncoii s [4b6Th e & BofiHiRtC

bon condgtemdnlorias it chlatsweeomp arceadvd roko ol ussteede | s

t hiTshiworiks. nott hfeof imiac¢ i @@t b Ecoatribcigdlee was chos el
duet hreai nly martensitic midrmiesat dehoetdnrgeca torbd rati n e
wi tahow carbi dbdef mactedeéllalveasd hoft@ar ghca prli a f

asoadnnealed condition. |Its dladmiecal composi ti

500
Typ
car
i n

Tab4de Chemi cal composhowmorhkoof Bheestigatwed

El emen %C | %Si| %Mn| %S %Cr| %Ni|%Mo| %V | Bas

Mat . N
1. 2367

0.30.30.5<0.0q 4.9 1.5/ 1.70.49 Fe

4.1.2 Cold-work tool steels

Mat . No. 1.2383c owod rAdo®ll isstseeed f or a broad sp
applications, ranging from cold forming, dee
shear s, thowoehi sgmeasks [ BREklet diie, cfasrt i inlge mo
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most popular grade of tool sitee evl e riyn gtohoed ,Unrietleadt i
easy machin.i nigt tolbdws tleiedh di meddieandte ngtealsi | i ty
wear resistance fromriomecmease@e®)i% crne bdiomthiamgl ch
presence of eutectic carbitdheed caoswalalbea@atther car't
treatmegpittardioeapp! i< alt stomd @n2HRCThe matwaesi al

del i varheedapmoftodr ged pd aftterseadlned condi ti on.

Mat. Np299%0n be used in applications | ike cuttin
precision cutting tools, threading dies and roll
pressure pads andf @i misn ¢ cémabwid relgs pd iceks ,d gw o codow os
and col di srod Ilsedeitaurk tstceelolwi th high hardness,
high tempering resistance combined with high wea

Duetthcecevel opment of material that is being proc
ad increasing its sttewbyehk) pheparemaassafe®r al s
Def ormation stresses are increasing, wi th whioch
terms of toughness more than wealfl 8B3¢Bhentafncree, i s

the development of moadwdrtled!|l Mat eeNe. i 5. pBT7TSued.
i § het eel type Mat adHdoreéasef890oiwumb fraction of
whi ch howevienrf |stitdrsocnsgpieyar resi stance. This has be
bysteel enri chmentr Huodemni nsgt rehgameamp!| eanrecht ar y
controbubé tMCphe carbi des[ 83hhetoldd matereilx mater i al
del i vasedfinneal ed icwoheehiapeplodt e cau throbtt ibrenglo t

Mat. No. 1. 232¢odmrtkddll i st e®lmmonly used for punc

cold extrusion, deept@@g82ajitng,s porncef iolfe trhael Imorsg wi
steeills exrcehtltheartdenilnygearmsgbtant tool steel . It i:
and grind due to ctomet emitgh( 1@2R4) o ncioumbi ned wi th th
amountlt abmsi ggHlsywl stdabéeeei c with an optthen of te
secondary halrtdeins nus welalky t empered att@&2hardness
HRCDel i vietr eglhapdédofodr ged haostoWwélkeld pbad®msedlneda
condiGhemi.c al commpmesivd irtkonosl osft & repkrse suesndidnb | e
5.

Tab3 @hemi cal composi tciodwdridkdoli nyteseli g aitredwt . %
El e me| %C | %Si| %Mn %S %Cr | %Ni| %Mo | %V Bas
Mat .

1.2361'C0'2 0.4, 0.0 5.0 / 1.0 0.2
Mat .

g

1_2950.‘0.2 0.7|<0.0 7.9 [/ 1.7 1.8 Fe
Mat .

1_23_1.40.3 0.2 0.0(¢ 21. / 0.7 0.8
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4.2 Heat Treatment

4.2.1 Dilatometry

Dilatometry tlsataakbtlhe® hie qmnmeée naami iden vafri ety of pr
l i ke l i near t her mal expansi on, coefficient 0
shrinkage steps, phase transitions, density

temperatur e, aniasndrapgaansbehawni aemper atur e. T
very sensitive and precise in measuring the di
of time and damei mel asednhe#trdintdemaintti ons bef
going on a Al avirghenrg es coafl emat eri al s can be testec
traditional and advanced cerami cs, gl asses, m e
were first conducted at diffdralecwotrtkaalst ®ene e¢li zu s
i ni shwoik order ttohmiecer ocshtarnugcetsurien (di ssol uti on
and grain ssiaedi hardasest haeush eneéespec¢nighe emper
austenittemmdariaothures were from 95@0f0C2°TThhel 150

austenittimatwasn ltShemion i agvdh§ pe Kd s . The experin
the i nvéotwdgthotoeld st e el materi al were conduct e
DI'L805 A/ D usi msgpestipiedhsr d t est

4.2.2 Effectof heat-treatment parameters

Theeattr eat(nteTo)t o9t ¢ @lst s pneaccihmennesd from forged or
was conducted in horlipoen @9 Z-B awiutunmrheisgsho a e e g a s
guenching usi Aghivatnuaghwy@®rbmias) t hat avsacaruemt ed
furnace is sufficienlti ct osuprfoadcuwrce oltrhimehstt nsetteae
treatprendEhles . ofag@aculuengdtr eatanesnd substantially |
i mpact ea¥it baenoe nNtf B.5¢ n

I n the fitrhei cpbasepycture represented by mai
matrix was altéehmdtrito preepecttotwisear i asl weh¢e of
mechanical propemsi¢e phapdmgdhaessspmewroortk t hi s
t ool steel wasal oswweadardx diebiftriarcrd i on. Further mo
carbides could beaeialsmadthhtegltempbhasekbpni ti,zati on
which could not thes ediwaetrko adlo nset deirsechiaei aogr bi
Forheompl ete dissolution of such carbides we v
such carbides formhdemsothgwesrkkbetiekti capkohdInghs

modwe)re prapatreniti zed eartatdu f¥50Cein.tle0t3d®dmP3 C and
°CA lawstenitizati on °tCe mpaesr actounrsei deefhre@ld & rod eadc h i
di ssolution of resi dual car bi des, 1030 °C as
for thimkowoyrtpkeo lofrsd elel5® °C, where al mosti compl
eut ectacibd desi {riadd®) shdhlid tsdleel pl avé ¢ hout ¢
car bcdesioshhainmgleynp er exrds imeircdr o s tarfutcetualeT a subj ec
ounconveautstoaoriltpuzrat hmant esoieasiponse meachamimsalof
properties and wear.

Fromhe | ast preheatCstlheeenapeciameBss0Ower e hea

austenitization tempbpéatldr é Cami a. hSatchdgens w
austenitization temperature for 15 min and f ol
of 3 °C/ s using nitrogeA goafsqaatnahedesp@aciemeffs
after the aguakemitiacemtiloe f uromsatcreu catnuwdr eu sierdv & sot
of the fraction of wundissolved carbides | eft
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doubl e tempered, with the firSstconempempegi perwa
conducted at di f,f erraefingtiomge®PpEo ab40®0esSC wbsth the ir
of 30heéeGhpelring time for fiswas$h Aantd esaeccho ntde mpeenrpaetru
Heatr eatpreema mat enegl at deter mi nihlergwd rhkoiot eef f ect o]
mi crostructur arlaindt fpatbd.peer t i es

Tabé:Rar amet ehe#dbfe atpgmeoncte s sh ofwmrrtkd dile. st eel

Mat. No. 1.2367 mod. (material A)

Tavs 950°C / 1030 °C
Istempetb®@ aC /

2nd empering (diffei

Ti me of te Temper a
520 °d(

550 °(

2 h 580 °(
610 °(

640 °(

From the desche-dtedahpavd utko-sd fe e | speci mens those d
simil ar ahtardinfefsesr ent austsaevreirtei zsienge cttleadpeeirlag dur & s
presenTalbr.dmi s waes tdo adiarbd et compari stohne and el i
influence otfhdeaalfdretsBtdteands for tempeard specin
assignedi mdimdateursg eni ti zati edmltle ndpesrsaotlwrte o(nl of

carbikdesyenheddtnadt Ireanttar ded di ssol ution).

TabZleabel s ofhoowhoet ki-etsdaeld spesi mblaa daviestlsi ev ed
after diefafrecracsatppt i ed

Heat -treatment
Label i ] .
*T aus /tlme *T ltemp /tlme *T 2temp/t|me
Mat. No. 1.2367 mod. (material A)
P1 1150 °1G6 610 /2hC
P2 1030 15C 1 500 °C 580C [/
P3 950/ ° L5 520C |/

4.2.3 Recommended heat-treatment regime

The fsienalof speci mens was hepabduwrceactrmde mcatoiranng
and availabl e t,empenrduwgt edd aigm atmse same hori zont e
descritbhgegd evhous dhemBkaptieal s, as described befor
obtain vatrhamatribamdse ifm acttihmar aedst ype matrix aftei
After the | ast preheat (850 °C) the speci mens
14 °C/ min to the austeniTab¥espatupdp@Gomi orasdgi ve
gas quenched. Speci mens were quenched with nitr
bar or 5 bar.tAepeci mqarsnncwemg | mmedi atneggly temper
tempera6bré&€mpelri ng temperatures and regi mes we
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tempering diagr amss elrecoti edda g p tif &ieogmd rfethieme d a't
achiirsgi mi |l ar hardness val ues betonele nsFtbeheeless.ple c i
tool thteaedget hardnesHsRQyr aHRG a8 d WREIG a 5 §.e

Due to the obt diodmaerdd wesas greowipidcsih , w2l Bnlbe 3di ¢
| ataenftdt o show the importance of matri x hardnes
presentsticeerhtdideé t i onal har dn éTsasb 8)¢ar .oleuapb ewal $eadma d e
materials with desi(gnpmadi@®@je fdamd. MM & .4 shhoe2c3i@n3e2n3
w-D) . Thi s alrevaudpeoveas fy t hel d]i &ahraatt unraet er i al Ma t
1.2379 (specimens D) shows better wear resist
its working hardness.

The speci mens were heat tr eaati eydorikni nsgu chha rad nnez
l evel (app. 60 HRC after quenchendiemahldue emme eof
eutectic carbide orientwadaloenwa |lnuf thdeb nhaar rt dennessi st i
| evetllser wearsimecghhabrieibs ms i yvteh unse ama hlemhiguence of
t hear bnioddse n.tTahtdh @edtr eat meodc sd wr et @k esepfe c$ me n

subj ecttheet ctoaonmended regiant®d eare | isted in
70 70
65 (-3 I—

60

@
[=]

55

Hardness in HRC

Hardness [HRC]

50

45
\\ 40|
40 \ x|

55 \

100 200 300 400 500 600 700 o] 100 200 300 400 500 600 700
a Tempering temperature [°C], Time 1.5 h b , Tempering temperature [°C], 1.5 h
7
T0 704 40
-1 65
8z

o

I
Hardness [HRC]

Toughness [1]

Hilrte: in HRG
8

uenching: 2,5 bar

d 100 200 &S00 4cD 800 300 VOO BOO
c , Aninsstemporstoein °C d

0 100 200 300 400 500 600 700

Temperature of tempering 2 = 2 b [*C]
7

Figume Tempering diagsaifims of hthm2 3@ fhphhatdr No.
1.23Matc)IN@R990 ) MantNlol. 2.379
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Tab8 e Targeted hardness | eve(lls, f2o,r .3deafnidnend har

Group | Target Hardness
1 55 HRC
2 50 HRC
3 45 HRC
w 60 HRC

Tab%Rar ametehedabfeatgmeonccess for the selected toc

Heat -treatment
Label _ . .
*T ausftime *T 1 temp /time *T 2 temp /time
Mat. No. 1.2367 mod. (material A)
1-A . 510 °C
2-A 103.0 500 °C [/ 595 °C
20 min
3-A 615 °C
Mat. No. 1.2363 (material B)
w-B 265° @ 3h /
1-B 950 °( 537F3%N /
2-B 20 min 587 °C |/ /
3-B 600 °C [/ 615 2nhC
Mat. No. 1.2990 (material C)
1-C 1050 ° 592 2nC / /
2-C . 611 2nC / /
20 min
3-C 622 °C [/ /
Mat. No. 1.2379 (material D)
w-D 235 /2nrC /
1-D 1020 ° 530 /2hC 558 /2hC
2-D 20 min 570 °C /| 580 2iIC
3-D 590 °C [/ 600 2nC
4.3 Thermodynamic Calculation with Thermo -Calc Software
I n materials engineering, thermodynamic modell i
verfyportant in terms of exploring the equilibri
materials. They are also becoming more and mor e
as in t-phreodned tail o nwoarnkdi nnge tianndustr y.
However, Ther morCad wi rescf ttiwmaeagremody nami ¢ dat abases
produced by a systematic evaluation of experi me|l
|l isted in different databases for various mater:i
was used. Theiosni ndbtbdesedlaceabase can provide th
stable and metastable heterogeneous phase equi l
(binary, ternary and multicomponent), the <cal cu
(liquid, soeéti edumi)ni nagn dt he t her modynami c proper:t
capacity and activif{gb]of chemical reactions
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4.4 Characterization

4.4.1 Sample preparation

Speci mens wer easbelcitviomed rmatoew isaf xRBAlG nigm di me n
Af theedtr eat,axetnandard metall ographic procedure f
preparing metcalmeongsrwaepihhpecye ppeed uby ngr iSnaffi pgaper
di fferent foorliltowsidz ey -pml|l asydm ddgi anmotnhd a8 o3s pensi
car btiydpbee char achtepriczsmeiicanc e was prepared with
et chi ng-Swistulbs p@bixspg doklni shi ng exupogsinmksg otnhhe hard pt
t he mamnr ioxdert hmi creovsetarluct ur e of t hehemiveslt ig

etching using Vilella etchant (2 g picric aci
HN@ 9%5lmlpwma | carr.i eTdheoustampl es were placed in
and ultrasound cl eaned for 1 min. Finall vy, a l

4.4.2 Microscopy
4421  Light microscopy (LM)

Met all ographically pexeaspnirneedd shpye cd pniBlins a loaveimiet r o
FXA, equipped with Nikon 3CZDAvadieioaashm@ofat WMat
Wi tahnopti cal mé ccamrmotpegavt i nformation on the <c
structure and orientat;ihoonwe,ockhratr lae t erriyBsatail ong!
mi crostructure can be sdiagtr jrimeuvtaeasimisn go fg rian cnl uasr
bound@onri esxi dence of any mechanical def ormati o

4422  Scanning electron microscopy (SEM)

AFESEM JEOL JSM -6mhi00Faadmiedgdt edbn mbodd@dE&Et S8Fe

CrossbeamSEBOGEMBNI 1 scanni 08EM)eeuesterd nf ami cr
detailed microastwimulce uUSEMIi mvers o geggaphlesd wepeci mer
taken in tieéesecondampagi nganicSEll)ermddergu sviod g a
kV. SEM is a powerful taol mheromaandussbmvesbo
To evaluate the size distribution and fracti
present on the surface (twhea crha taerei aelxsp oisrevde sttoi
counting was performed using I NCA sof bware at
carbide si@ahdamlyoonhosen areas. Based on the
t hmatri x and carbidessiizne BHIISBstmodeart i bheiamd f o
evaluated. The technique of using SEM and BSE
of hepecissnemf ac et. hodau e itdoe vtahodoantpiosn tiiron gnd mor
t hear bi de sCs;( Mf),caM be diihetdrt mat ed x -t yGaer bi de
beingi vaocadi um appear dark/ bl ack. Mgsaendi f fic
M €, bot hahdaghgey contr asti mnmrdomrlinya i They

were mainly selle&t]|8hdstegweiomesr bedebBower eacl| assi
eut eccaribciE€@e ( M) and secon-dBLpumar bbdesendary ca
where also furdtahgr cleaoNnigfadr@y d(slmg ® i dne)s raanldl|

secondar ywSSLr kiGdiekse pm Such clsafdsicfarbatdieen have
reported in detail ané@39bedi ng @putteomatuisc sft eait
al aoEDS analysis was performed for every part
(chromium or vanadium rich). bepsopbptlecat bi dasl
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ful fil statistical accuracy, si ze and spati al
magni ficati 886 AOD@DOr Cch car bixdeS0a@nddd 2EX0Er 0
Vorich car birdiecsh) .c alobri ds twe 4i pe? gnowm)pswdmrenge
consi.dered

Cr-rich carbides
(dark grey)

V-rich carbides
(black)

Figdi7Ze Example of carbide detection in the matr.i
wi t haf€dr Vch carbides

EBSDQ el ect rsocnathtaeck diefcfhrnaicqtuieo nwre sc rwiossdd ufcamur al

stall ogr aphinad iprhvaest idgeadttdiicom/isaat i gat €A t ool st
pbbyi shed sample is tilted to typicahéy 70° a
i dent beam reacheasnthelg avampli teaugséu r kf faac &0 da t
roefintt o S5M) tmA .t heatbhiecmmarsyt, anemBBSBt patsepherical
m this point. The diffraction pattern is seen
the diffracted electrons. SEMuteiloenctaofont logt i
h

o - onax|z

4423  Atomic force microscope (AFM)

An taomic force microscope (AFM) Nanoscbhe I 11 a, [
mor phdlragyli peainsimacr o®ocal goal wasi $ odviisfefeeridndeder e
i b hferi ctional response of haadsnecdisodad . mdor i x. F
1. 287 @mealt eD)i aalar dnes s agprpo.u pvee nHeR&€JMa t ecroinatlaibDn s

t hhei ghest fr aeattiecaribdtd etahegesambat gmeebeugh to ens
sufficaegel yurface of carbide phase. Specimens w
carbides were protruding from trhsep escu rffibeede ,f ofrol |
EBSD characteri.Fanabnpoéeécbhiggeand etahéng with
appl i eab taafmtdeamet al | ogr aphic griocedidng eacadnpadolsits mign
di ampadteas M ements wer e ielr-f os@abendt i Wietwhenrt Hd p

t hecan odlrSe a&x U™n pmi ng scan Trhaet ea sopfe clb Hizs.ed was 1.
andhaempl i tude setFeasiinnip 0eapbalr imVon among di fferent

it is sufficient to measure the[ 913l er awlurf acracses
measurements were performed ftohlekowirmad ¢ loecreulpeod
recorded in both directions (trace and retrace).
The AFM i s decsiegnendgtimgproddudi fsf ereratudiypgsmatfesiu
with very |l ow or no conductivity (polymers, cer
sampl es) . Forces between -sampse air etnalrsg@adtoit@rrc enap |

t hfFM i mAargnep or tpaamta men eAFM miics ostciofpfyness, of the ¢
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neederdal et hiat er acti on f omrode ane avwhiireld arneect! vy.
Force Microscopes use a Wiatatkeas édre alme adra fil eefclt @ otn
backhef AFM t i pc aemtuialpepveedro a -persgittiiome detector .

position on the photodetector is used to tra
interacts with the surface. Materials sN,or AFM
wi tahadi ase w f[nOn2 ]

I n tribology, atomic force microsmdigge pl ay s

mor phol ogy as weékhaawadfouuma tbeorlioagliscadnd surfaces
[ 993]The schematic representatiwintbfcompl étecsu
scanning cycle (sulathdadt ipo b edoardmamldida f d olondgtser a
i's shofvinguire Fri ction measurements can be cor
mi croscopy [@&FM) mode

>
DIFFERENT
L_ i.\ MATERIAL
i 2 ——r—

i ARSI s
SAMPLEF - |y
Pt W

Topography

n—
FORWARD i — E
ﬁ
BACKWARD

RESULT OF THE SUBTRACTION

RESULT OF THE ADDITION

FigdBe Schematic of the[] S4rface scannir

Lateral Force

4424  Alicona3D -focus variation optical measurement microscopy

The weasi sbhnctehe ttomdteed speci mens exhibitir
mi crostructure and mechanical properties and i
was evadlnuateawdnar oy meamar ed3 Dsimingr oscope Alicon
Focus G4. The weap!l atetsd cttteapcenifmscr @aft e cal cul at
equai3d) oam pa.gle grhébsol uti on 3D optical device pr
great contrast. It works on the variation of
i I 1 umi nats eolne cotfedt hsel i ce of the sampl e. The de
anal ysi s, measurement of roughness and profil
enables extremely fine potent ailozreeti9.®dfc f ocus ¢
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4.5 Mechanical Properties

45.1 Hardness
4511  Rockwell technique

The hatédéness iofivdsdhti gaseth spticiimemamte at ment
parameters wa s measur-€dVi bRoecgwe h@0 OBRom& avieil h e
accor ditnhg& | tSar E N-1 : 62500186 standa[frdéDipamcredurce®ne
(spheroconi cal shape with aoO2Z2®@m°r adines )a nsdh orwnu n
Fi gdBwas used as tahfRoicrkdwen tl e rhiaimgbn/els s t est

Figa®ezi amond cone indente-Chhodnefamilastd Rockwe
451.2  Vickers technique

The hamdndashse mat htexolef stadi s melasviarsed according tc
standiackienNs hardneswssitagg tling kment RAa@dO0Barmgppar at us
| oad of 5 Mheg HViOc. ke rtf ®3 tmehdi gviltyn pol i shed i ndent
sqgu-ameed pyramidal di amond shapé asdpiweskenioedl e
Fig2ied.The whes$wi ng prtoleegdwirpemeanntd f or draeg dness t
standardi zed heetaoddirdg St 8§TFL:E2ND 98O 6507

Qperating
position

-
- Y

Fi g@20O@2i amond pyramid indenter used for the Vicke
i n whrek ;pid,cemean di agonal of t[h9e7]i ndentati on in

4513 Instrumented Indentation Testing (IIT)
Qui ck Matri x i ndent,arteisounl t inomde i wasa uhsaerddness di s

throughout utchte)l Oijlce oms &nmloe n tmeattirarxk s x2@ waso 30
i ndent s, giving us in totaThé@lO®i memer drad wtee np e I
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them was 4 pm and maxi munh olaoda dh gu saendd wansl olald.i OnQgy

wa$ OmMN/ milmnf or mati on about i ndewmdreeg solsthaipree dc ofr
cal i breEt7iodnm A= 1, 2 110

The meohawciiondent(hhsbnumented I ndemphoysnhilTght
resolution instrumentation, with which a gooc¢
di spl acemennt earf @ ami eivrede Loads smal/l as 1nN
di spl acement s of 0.1 Snmulctaapntelper S Imedasuaedon

di spl acement data is obtainedmmod!| gvabaedted. m
t hrrechani calofprtolpier tfiielsms atnlde cloarn dimlges s c umfamn ennl ty
i nvestamat ioomn Pa’mma AMHITe ntt &tsit@em, with | oad rang
to 50WasMNused.

45.2 Toughness testing
4521 Impacttoughness
The i mpact toughness ateapgdit werSd Spe ENRrOnB&d 14

standardi zed i mpact t lomrgehsncersisb etda 8@ hcahrgpsyp eMe n e r
(Fi gaie9.9]

Figad®chematic represemdtadh otne tf Lhaaoipme v
45.2.2  Fracture toughness

Fracture toughness is the abdrdadlk mmrfoptahgeatmaotr
fracture in thd 9FrOdrgreanccteu roef tcoruagchknsess testing
CNPTEBci r cumf enroetncthieadl |ayn dc rfaactki egdb etsepreseis (Fee gur e

22 10RA4dti gue cemaakndes dehe micmwrogaaBEbei sadhalwn
symmetry of t lad |teavsitv esspteicg arteinon tahmed cc ostt e ludt iuo
ef fontdisfferent mat er i alf rparca pue ret.iTdoruyg thihecsisuaddii mac
symmetmwyni form microstructecmuessgescbdbiven ohetiwbolspe
prov.iAdedercrmarc&i ng, per f orbneendd i unngd elro arda tnagt,i nsgp e c
ubjected to tensile | oading awminng tiBr8d®asit ue e .
est mamhcheasd sfie®€d mmByi measuring the | oad a
he di atmiekreirt tolfe f rRicg@Be tiraceéare toughness ca
ccordingd8),t ovadgmrd. f orbdhavaaod realsasitoncg as t he
0.56d/ BO0. 8 i s Foul féia-e heede. | mahar idalk satn dléeosdrt,
sampl es wertehavesrtaggteua@ wdat oughness calcul at ed

Q ~

O 0o Ofg p& X p& d0Q- 0A )

whePRPieshleoad at dif s aftrbhaecrteu,r e @i a8 rceihaementder of t he s|
in the unnOiIQ@hpedD 2alr ea
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a=60° Detail A

L,=50" B \
15 L,=60 10 b \
=120 - ' o~

71
10
12

18

a

Small-punch test specimens
Creep resistance
Thermal conductivity

4-point bending test specimen
Bending strength
High-speed machinability

Fractography Grindability
’7‘ Compression test specimen Instrumented ZR test
' Compression strength Impact toughness
Strain hardening exponent 7
Metallography

“. ,

Coatability

N Kj.-test specimen
' Fracture toughness

- Hardness
Wear resistance

Red hardness

Fi g2RE@NPTBest s peofcriandtrmuurghness measurement and de
ofvari ous addiltoi0Odnal tests

Fatigue crack

FigaBrracture surface of the test (shpdaocgihme mr iwigt)h

Many studies were made on t the @gflpreaecdt usrtee etl osu gbhyn eusss
non stanCMNRTOBK@edst spbygi Nesk oefts4 2]l ,, [UWADI6,)] [ 103]
Theeystablished that the pl aitmidltesdn i mofdmaln dihtei ons
esti mat hfernaotfi on t ougpeedcsamdrtkobl ght eel s on the
of microstructur al par ameatse rpsr paprdd® gndlat er i all prope
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0 P PO z 0zQz'Q "z p 'Q z p "0 -0A 9

The senpiirical coineWaw,. val skowmr har HREss val
and includes the constalk{ MPa3 63t hmodehusdotktal
undi ssol ved edf el ttihce cRaorchkiwdebRIC , h aarod nanes f[r act i
undi ssol ved eutectic caftbrifbhe;st hedcumubaniede all
undi ssol ved eQteandktorcachisieadgec!| ot hitaedr t he cri

sioe[ 100]

453 Tensile testing

The da@ahypensieebe speciimeingg@ BEedb Nn 50 10275): 2welr9e

used for the tensile tests padf o NBEaRONISBIB OR h
machfih@7This t asetv aclnuaalttifhdst i onfat e t e K, | &lidtr eng
stre@iBodh el astic deformasi modptaopemanhdaePDod¥eung
ductility properties (eRoggahtbhatndermedastui e
extension data) of hompphé etdlesecedshhpméduicgdgeh s
recorded and ansonthhFowrekdde The applied | oad or

elongationfoeolsatéeif ahbhcipmaat enbratbe initi,al pha:
before trieacceHidngTihree nngatther i al reacts plastically
[ 99Th et hnear region, thes maaw:rial foll ows Hook

O -[ Pa] ap
wheysiestreiss,st rRAiimodwnldus of el asticity.

The point/value at which the plastic defor mat
ampplied | dag eilsd csatlrleendgt h .

N
o
(=]
o

15001

1000t

500t

Tensile stress (MPa)

D ¥ 2 3 4 5 & 2 & 9 10 11 12 13 18 1S5 315
Tensile strain (%)

Fig@lrde Tensi wWeenstidai mmtress ddamgirmagn @enoibltai ne
material s wipt(hy e lnddisctarteendgtis)i | @ndtR.ength) poi ni
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-

- s o il SP— - - -

Tolerance d, [mm)| do Lo dy r min hmin | Lemin [ Limin

0.04 10 50 M16 8 12 60 97
a ) *All dimensions in mm

b

7

Fi g@bleendielséd speci amenc huassmeidc &lorproperties eval

4.6 Tribological Testing

Tri bol otgs cvadr & epsad B or chedf feiregnntatoinadractamdaaindi ti ons
order to simul ate diFofrerpeaunrte vaebara smedcEh; avibMsrms.ondi t
12607009r ami c babas$ w@a sbooudsye ehicthsar dness i s much hi
thdarme hardness of theweaweiss i gadredentorbadtsesd eaerd st h
test et eel specpmewsk-adbhbsrannbE0O@&@€EBR6 stbeldycounter
ba(-8HRQCwas s eAletchtoewdgh itthdmbmehbesdteesditnidlarsitte eels

in hardness and materi al type result in simulta

materi al. tFuandahfeegitoere, adhaseorxpectadt edale t o

st ewint Aichabl wmchit eve mai nhyAlaSdhddtiav el eassr bal |
wit&dignificantly | oweR(Cthatriden esspse diemeends (wn3dder | nv e
was used alody counter

4.6.1 Reciprocating sliding ball  -on-plate wear testing

Simul ative modelbatbdpsitast ei nr etceiripmdg caaft e ngot t he per
me t hfoodre p| i € laste rnwi ctei ocnosn ddifo we e @lr Si s a@ pg @ @d h

det er mit omvheggar r e3empaneeuotleocatd, sl i ding speed and
in contgky at fveabre htahvei mtulhrgr ev awd drn gme c[hlagn8 s m

11.0]

For the evtahwewat ircersi cfteadhre B awonfdutrhe i nvestigated
st etehhishouse made uni versal tri bomet ershtbiinman wi t |
inFi gkBwas uUlsheed appeamaltluess tri bol ogi cal testing af
0.00041.3 m/s and |l oad |.dhel scheomtls upl ust babd
batipl ate coguaati oonbet wetehienviest bght edndiat eri al
Fi gab.e
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LUl b |

Fig@2BfeRgcicmrta ng sl i daipmpa rvad airsl stidddgdnsacnh e mat i ¢ of
t hkea-6 fIp | actoen tcaocntf i g.ur ati on

To evalhicaf é ud hear bf de,tfheea@aked oot hebr asi ve as w
t h®edhesi yvteo-sweeaerl speci mens with dwérhfrerstnd|j dbout k
osciots( at F 4 mm) aagnadidnlsotfa e e e nbta lclrosldnitfefreorhé ct
conditione. aboaspue ,vae atnd cdoinadn ey leoan slAdoar mda |

| omdof 102 N and 3tO@anNo nficnoarlr elsaprtotnfiriasystur e of ab
MPa andVvPL3weEd e .Alssgwlo di f ferent s¢$¢ldeé(@ldyeld2p ene/dss
and 1lé/ 8) , simul ating higantapet dcTehmed i diligjotth isnpge e d
speed was obtaad seidl byt uesh nhbedlmoevansgl i di ng spee
Hz .

The i nbh hieapd apser t i cl eass & moeotnhbeiarbe de-adihvee i v e
wea2dmm di ameter hardened 1W&Lribnbeatliogpat ad et
40 N (cortempmndahgHertz conM®@f hpaeteosnutraec to f
condiwearoe smwhseend pr @apakiengdhesi ve aweaiaswsthmponent
mmdi am@80dsit ai-otl dwe@mdWMhen usi ng dtaddls,cemdrntdéermg cc
wi tahi ghi dipe@d. 12amdlsowl i dipe@d. O lwenlag@ p | T led
slidisgance | amtbhasdiare wefarad o0emdirigmip é ®ch w
conditionsndamndp @d&vd mc ofmodri ta dohness i v ea dahneds i avber awsei avr
t eshtisgipeed tests were spaoed ored09 fmoandd moiwn o]
t hieni ti al Wweanrghasadequapeat,abi |l eagt three re
were performed for each speciWear draenscies avads ¢
compared itmhdpeercmsf iccf wear rat e, taking into a
vol ume measur e dAldtee slto apda ruasmeedt.eTasbla® e s hown i n

Tabl@est par amerteecrisprfoocrattihneg twhhirt meem tmanogh iursd

Counter b| (G20) (@0-100r6/ 3014
A LO;

pHreerstszurCeOn 116(?(5)0 1000
Nomi nal Il of 102 A0 40
Sliding sp{0. 10 .1¢( 0.12 0.0
Ampl i tude 4 4
Frequency| 15 1 15 1
Test timeg 833750¢(C 833 500
Sliding dig10Qq 60 100 4
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For determoheé ngfanwea ebri dépesmreirdautredng reci procating
ag hirdetblueds i t uvaegnorferweetaerd dvalsr iac compglhaashred by

bl owme § hDlle asdemblitwnwi s kind ofFitgeitesThe mazzxsleant e
was placed directly near the wear mnig rbebgoiwinng Dur
was conducted for the whole time peirsodgsofathe t
as they adéebcommtegdprocating sl idiungdletoavst s wer e
| o/dhd gh i dipegd c oAkDicto wnrbteedByON, 0. 12 tno/ she compar ed
with the abrasivet wesairnu ersathldvesaalwi ddifeebsrttiss wer e
perfoomedi ff er enhta rtdornod sls t(ga&d WG ee st i ng parameter s
are giTvaed @i n

FigQifReci procating teatbrirdwi nwg.trhethntoed |l e f or

The -Wwonnking process of tool steels (hat geol |l ing
st ablteexarilciFdi gf2Bf. When tool steels are cast the
wher e carbides are themomgd ow Bsoadusle fi@adat i on pr
interconnected segregated. nEheoe ke miéfadccrmamibtoyd ecsf |
t hmi crostructure. As hot rolling or forging is d
physically elomdared i oealltyi ogiliemt dedtbiecreostfr uc
tost eel Mat . Nmendg. P8P8l {sgrewti he hap HHREC9s gr oup
t he eftfheeatr bnnfd € € nt atthiebm agmve wear resistance was
The wteagt s wer e perfor med perpendicul ar and p a
orienuvuadleolwo/dd gipeed c onAD]ctao wonbteedry , 03.01 2N, m/ s

Fi gu2r8e and dimbbhtVved di rectliodwos d kshpiegahth r a B i on
reciprocsaveiremgpeedtor med.
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c) d)

Fige@Be Schematic of | arge eutectic carbides di
and b) l ongitudinal , dcjyedtilomnadf dbhotT _r20 lalnidn gl
direction

El ev-aeegerabtruase & @ § towowo rtkool st ewwlkermaperi ark me
att empera&i0@sad 500 ataGnbanednt af mos @lhhta réednreeses

l evel .Jevsuppwerf eirmed-t gmperragalirprocating sl idi
( SRW)i talm ncl i nabdcendinttiecaned.fambef-rempedat ure t
parameters Tabéel ildted i n

e

TablX¥l ev-ateeger at ur e srlectliepsrgo cpaatriannget er s

Counter bo (G2 9-A 1,03
Hertz contact 1000
Nomi nal | oa 30
SIlidinpmkekEk 0.1
Amplitude [ 4
Frequency] 15
Test ti me 1666
Sliding dis] 200
Temperatur eRT, 250 -~
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4.6.2 Unidirectional sliding ball  -on-plate wear testing

The -ballilsc unidirecttontad wédrnai agabwideide ro uitn stiog hge
i hd hlee havoifohuai cr ostesigé aitahllelay do fcmh dared levee ar
resistance under oriented .dlefswsmat penhwbambidn t he
undambi ent t eunspigar &tRU BBt e eohrmli @t b aT R 1sBhQotwens tierr
Figaad&he schematic illustration of the contact b
materiali FBg@Bewn

Fig2eae)TRI B@chnic unidirecti-omdlatan dl RdaBuQitlelsa teirn g
b)schemat iba-bdpfl acthea tcaocntf i g.ur at i on

One set of e xpe ratiameanltysshimmagsr oasitineudica w(itceump er e d

martensite matr i xduandn gh-rmdn adtanmbhied evse)r y begi nni ng
sl i desysre pewifdl@me di amet erOsbabthmacl dbhd of 6 N (
= 1000 MPa) and sliding speedi mMab102 12 m/s. Paran
To si muhlrautnediimmghavdfoucar bi des when @aomttaatdi ng f
sur flaGéi di ntgespassswer eoncpadivmers for hap@ness gro

HRC) , prepangd hBBEDr ¢gr epar at.iTchrn sp ri agard dndréen g
using SiC papers, f od dioaweodn db ys upsod ¢i msshid dnmg.g wd @ rhb i d e
from the matrix were achieved with final pol i st

exposing tke freormd tphleasat r i x .

A seceend of unsbi desgismaedl| at tahlesoltygsrinm gwe ar
behavwasrperformed under the same TablIpct condit
but amoch | onagred dliimki.MigedneobBbleicdei ng passes was 1in
to 3500, which corresponds tloorgetrot alni glli ir@icmn g odi
slidiesgs were Ipanmrd-oe snelds 29 morugpe 8 i Bweintsh har dness
val 0é4s8p OHRC adud 6HARC r e s p.e c Ftohveelpy vi ew mi crostr uct
observatiobnaboOdsatpssas ppr o x . 80 m ofve eelniodtigghg di st an
obt aufnfi ci ent wear soart wedsladmmbed-pvwhiteins hper de
Howevienr ,some cases tests had to be protomnged up
obtain wefdfriadcekpe mbedeal dmwmess aonbiysis
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TablZZlTest

par aummeit ¢ir rse ¢-o o nsacl

Counter bo (G1 0-A LO;
Nomi nal | oa 6
Hertz contact 1000
Sliding spe 0.12

Laps

10 01p4 350¢

Sliding dist

0.6 80, 2

shl a [dli

47

ng

tests
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Chapter 5

Calculations of Phase Stability

Thermodynamic calcul ati onsruwsinmg eT i eor movGid huea t s20 fatr
stabamndttyyd cardixidets itmathesomi thesi nuesui gated t
the followingakcablkcatederqquilibrium diagr ams of
occuraracaedesclrhiebecdal cul ati onscwairae mp erafl o rcrmengp owsg it 1
t he i nves+taindlaotwe d kocod | gsitveednla idmen Ta b8, e whhvieahe obt ai nec
by prior sXR&ltodimat gr i a$wsb wisaopt. esdseed rsiwd ttiho nfsh er mo

Calsoftwaneeli sted in the order of increasing car
howortkoetl éMalt . IN®2.367( imodt.hi s worakdl ahelclbéva)h Akt

t ool MatteelN®.379 (in thisHowweaewkerl,abteHd etdheDr)modyna

calculations of phase stability as performed in
Ther edeovimesst ifor om mi crostructures achieved in pra
seravsmer e apprsaxnitimat ivoamircohi de types artehwelsee dbda oomXpe
Sstebedsed on their chemical composition.ufelréeser ma
wit hout an accurate and valid database needed fo
of the thermodynamic calculations are mainly 1|in
that are gathered in the database used.

5.1 Steel Mat. No. 1.2367 mod. (material A)

I'n the case of c o mone ir,Thiiosdd ¥ tiko oal v dEatk eaeblINeo . 1. 2367
(mater,if At AYall s i n t khey pfeamsitieye |l osf, AWMSEh artbislicnhst ab |
carbireedsg.Mheese cachiathee apeto apprFibgBiat Ehg dtl@Or

car bpdeditcot eedx i st i n hobworitkbpweée s tsit g&tlecdar emiMum r i c
car biwppe $ ght )blaungd I(Mmod ybdenumwgr ed) diawdbeg eles t hey
al redaidsysol ving at | ower temperatiaeaensd adt add0 ox C m

MC.M2€(chromium riaclke ¢arebimbesdm)htebmpdaature range
500 °C anedgu8iOO0i b°rd.um cabbobatM.Cgppredi bitdes at ¢
whi ch s | owlnyd dceocmpel aestad | yva ppir oxo Iimadr el gt BOO mMICcr ost i
constit wenkysn tdrresgdr y pe pyhedsleo)w( lIvimiech i empreredse
martensaust @dnidr «k b.l ue | i ne)
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M Austenite
0.25] B MC (V-rich)
McC (Mo-rich)
0.20) Ferrite
M,,C¢ (Cr-rich)

Volume fraction of all phases
o =}
=] o

o
o
5

50 600 700 800 900 1000 1100 1200

| Temperature [°C]

Faa

Fi gB80e Ther moCalc calculayihbowertiofol plsd el s2Vaadi7.1 No
mod.mat erd md whs)lgdmeacti on of awilt hp hla skeesi mg elsCe%

5.2 Steel Mat. No. 1.2363 (material B)

The equilibrium cal ctudbaitleidtcydifaogrikoadbnh eosft epehl.a ZMEHtS. N
i s prdagheingtGeide The predicteidnpgraemrshi de t hWeesilbe ostr u
st @aele ma/Ls(d wr M)e asi nmeed ly odmal |vaammdadtiuenh o€ aebdi des
| i)ne The other micr ostbroudcye ntfeeerdroi ntset aétyyapeen ojwh aasr B e
represgentempered martensr d@r easreednd ¢f aprpkatseeHo we M @ rn,e
austeni hegimperature phase, as an g oi rs htoevmp eomatt three ¢
approxi mately 760 °C. The type of carbides pred
abodled 80° CGCsft ypeMl B @ ovranadriiuch type. The point of
forCsMype predicted?® &t atowhdlgOR.5% Aty pboalk temper
temperatures (alBove d&AWOIMCaC)b, dehdisgpeoredi cted. Ho
this onffyrtithe equit hnbartieurm aslt.at e of

M Austenite
0.25| B MC (V-rich)

B M,C; (Cr-rich)
0.20 Ferrite

o
=y
o

Volume fraction of all phases
o
&

o
o
a

0.00" : = : =
500 600 700 800 900 1000 1100 1200

} Temperature [°C]

Fi gBrlEher mocCallacul ati onst pfd pihdartl® odst st ieledl. 2MBabt 3. N o
(mat ershad wiBrnilgdmeact i on of awilt hp hla skeesi mg elsCh%
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5.3 Steel Mat. No. 1.2990 (material C)

The equilibrium cal eulsataebd |ditaggefbornMafieRN@®D | i 5t
presemRiegglBRe Three types of carbidesca+dvdrtporoeldi ct e
stdeal the micwiottse mpert ead e marn tr(gexisli ¢)@ |Tmese car bi de
M:Cs(pur pl)e, EM(nrei ght )blahé Itiynpeed )I.i "dve hi ghest frac
tempetremper as upesdW.Citeydp ef ocrar bi deG , %watt hh éirro uvnal u me
fracstlioom y decireaxcie s ganwietr h ng t etnhpeeirrd ectosnept wp i o o
atabo@a®0° C. This steel al so cMOxtyaien sc atrhbd dheisg hceosntp
altlhet hteoorol st eehsbdyWetdy gar salde®eo s hoghbkathi | ity an
presence through the, whol shibg@Ppenature range

M Austenite
0.25| B MC (V-rich)

B M.C;, (Cr-rich)
0.20 Ferrite
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FigB8Re ThermoCalc cal cultgt if @lwe rtkofo | p hsatseeell s EMiabtD.l i No
(mat erdsmdw@)lgudmeacti on of awilt hp hla sbkeesi mpg elsCen%

54 Steel Mat. No. 1.2379 (material D)

The equilibrium calculated diagram of cpwdasé& stab
tool Agt®PRelMat . IN@379 nit @ndptHeegl8 8e Thi s t ool steel,
ot hers tlheed gitnuedyt cont ai ns tlhaereghd gaarstti M&Lsa cdfi on
t ygpeur pl)e, lirimnceho mA umadssact i d@iash opvree s B h4) Rimp etri en g
temperragdrnuge (abokWer S50O&r Mcr es,o fo tchhaqoimd tupmbi d e of
M,ECst y fber i ght )blauree lailnseo predicted to exiespeirmntghe
(yell ow TheebbMeregarbireedgpf(¢eei ctedfrawict hoinrhge emai 1
al most consotudtinte temntowghtemperature range.
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M Austenite
0.25 B MC (V-rich)

B M,C, (Cr-rich)
0.20 Ferrite

B M,,C, (Cr-rich)
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(mat erd md wbnlgudmeact i on
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Chapter 6

Experimental Results

Theentr al poi nt owWa d&cho nsp airni vseoanh dogHe dhriokore t e e |

we
un
(e
tr
i n

ar restpoasmi |l al enhdlhdl 8 e swsas a @leir d oeednit g r
convehai deahoworokbol wdttéelmairnleynsmti c micros
ffect of grain size andoditblgmd cua mnochredodfd r e s
eatonfenstel ean é&da-wd ko o | steel djffesebstmgctnore
terms. of phases

6.1 Microstructure

6.1.1 Carbidetypes intheinvestigated tool steels

Theypge of wundissdlhmadt past bé&lhmewarhkoo!l ast ael

fu
an

nctiaostehiti zi n(gspteecmpreernast wPa; & hTaa alcea e*)i zed by
alysis using T&&@Mt gypds EBEDrewserdualontidiremedes
enched anmi ctreonspterikuécd uirrev oW o § aotod dFsitgeGM e

eavaenriched wi,thleimigdM@ dti wpnewhwacshai nly detect ed
stenitizing temper atTuriess iosf iM5 &°h@ angd eleOrBen t
| agneané&ni tahl [eltPldl]l]wher e mainly MC type vanad

ported, being the most stable ones and rem
ghestenittemmdri othur ead . t Hevweunpsqaret i zampenat ur e
laf e MC car bi dedaswewiel | be dOns ctulses edt theart el and
romaathol ybdemmuimc hedo Magk by gvees e oobnsl ey ¥t ende

wasistenitéemperi@@E60eNCt e, t hat in the chemic
alysis of carbides we also see elements fr
esent due to the size-rafysthe interaction vo
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M,,C, (Cr/Mo - rich carbide)
(Cubic;Oh[m3m])

MC (V - rich carbide) §
(Cubic;Oh[m3m])

Spectrum (wt. %) | C | Si \% Cr | Mo Fe

MC 72| 0 | 244 | 45| 25 | 614
6.2 08| 19 | 6.1 | 18.2 | 66.7
69| 0.3 | 1.6 |20.3| 4.8 | 65.7

M2:Cs

FigBdadMat. No. 1. 2367 amaed.en(imdtz@i alp &§EBBDC (
patter-msndofCqrViddhn camditdes corresponding EDS anal )

El ectron backs(cBlB $d2err fdoirfinflerela voens bingat ed t ool steel
t o r ec o nneeanrdecadt rmeegnitmeé e anp @ r ehda rtdeg ead ls @ \2e WK B
HRCgonfirmed different carbide types DPpuesent in
® he predomi nantc hiemfilcuad n cceo mipdoasti It ie doen toynpe only r e
ooanbardness group are presepitegsiemtiithempeama car b
peci mens of the sameemperingreghpahbéssmpetamda
arddnesd heatbhsehlwéeagkool ussteedelisn t hi, @ hlamwegti gati c
arbides were c/@srtfyiprementi e xha g dwa tM rsénrraincdh eed

hr omasmshoWwnguwm88T h3ivss i omr daacncc & h#® h € h@wl c

alcul ations

The distribution and presence of |l arge eutect
hardeAsnghoming8de | arge eut ectainel acwmg ati edde ss tsrhwont u 1
al ondhottbé !l i ng Hiigd&&d,i abaiqui axed and wuniform dist
t her essescti on view (perpendHicu@ig. to rolling direc

O 00 oun —h
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(== —
a) 100 pm 100 pm

Fi g@BBSE mi crodbgprlaphhedmepeosmenct ube spfe cd tmeell) ;I

alongitudinal di-section ahdwb) <cross

Anot her Hhrygrir iod h cc a rbbei .ddegsy prei gur-29) 3vad bhbi c
struatref poesealtlrenbiwdrtkool .$hew)hoee esrmal | er
compatraelllearMpy@&t ype carbi des, but are more even

martensi fTdemamai Xer car bi de Wi dtheeBsSeDc d redcehrnyi qcuael
another type of toygurebudtdse dét ebhlee#€ where mainl
i net¢ -wdrtkool st eel Mara.t eNd md dw@rl@® 0 | Mat e e INo .

1. 2367( meotde.r.i al bcAgshelse -tMCphe cabbedvesvdanadi um

ri &ch g@GenHi g3 Be

MC (V-rich carbide)
(cubic; Oh/m3m)

Spectrum (wt. %) | C | Mn | Si Vv Cr | Mo | Fe
MC 10.8| 0.6 | 0.3 | 406 | 58| 4 | 37.9

FigBbeMat. I1IN@Q36-A)mecpeEBFEmPBnpatt-eraob o&r bWides a
chemi cal c oMt ocsa ralniddneé &€ corresponding. EDS ana
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M,C, (Cr - rich carbide)
{Hexagonal;D6h[6/mmm])

M,,C; (Cr - rich carbide)
(Cubic;0h[m3m])

Spectrum (wt. %) | C [Mn | Si | V Cr | Mo | Fe
M-Cs 75/09(03| 42| 36.8| 6.3 44.3
M2:Cs 52(05]03|07| 178 | 4.1 | 717

FigB8i7e Ma No. -B)23pEBBBPnpatt errincsh ocfar@®rieles and
corresponding EDS .analysis in weight %

v | MC (V - rich carbide)
ot (Cubic;Oh[m3m])

. ) M,,C; (Cr - rich carbide)
M,C, (Cr - rich carbide) (Cubic;Oh[m3m])
(Hexagonal;D6h[6/mmm])

Spectrum (wt. %) | C | O |Mn | V Cr | Mo | Fe
M-Cs 71119|09]11.8|37.5|56|35.2
M2:Cs 54(112(09| 3.2 (227|44|62.1

MC 9.8| 0 |0.6|50.3| 84 |6.2|24.6

FigBBeMad.. IN. XxY99G peEB®:MBnNnpatt eamdsr Nocfh Cerar bi des anc
the corresponding EDS analysis in weight %
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M,C, (Cr - rich carbide)
(Hexagonal;D6h[6/mmm)])

M,;C; (Cr - rich carbide)
(Cubic;Oh[m3m])

Spectrum (wt. %) | C | Mn | V Cr | Mo | Fe

M-Cs 86| 0 |51 46.2| 15| 38.6

M2:Ce 791 03| 17| 24 1 | 65.1
Fi gB9OMat . No. -0). 2s3preQE BB N pat CCerrincshrobfade s e
corresponding EDS .analysis in weight %

6.1.2 Effectof austenitization temperature

Di ffeetbhbDWwdrtko-st s@leci mensbbobongical and mechani
chosen baggpedi osnndnitdlhagt omet ry, caxgipreg i meet austenit
temper Atadroev austeniti zat9is5dmM @tteampdeerda tduitr$eg ool fu t i
resicdaradwalesachi eved, whil e 4t 5t)had @Quopspte rc otmepnhpeet
di ssol uthigo-®u tod cctaaibd de-sai { ciododhs )ablt€Et ype car bi des
found at the two | ower @U5Q enCtarnartd ®iGp Se@ipaenr
foorbstructing the grains frolrhigy oovd mgba ulrd ;snmtg s
t hepti cal nn EirgpwBevpbaki qhust ent émpé ma@atusgk ° C)
resulted in excessive grain growth. This has
and the [dulcZAdStteni te gr aawmstseé ziett gadmdai axdnua e nv a
estimat ¢etheMasti Pigo sSTokt waanfe waadthseedpr i mary aust
grain size is very diffatultytmameassirti d nmitc
especially for | ow auTshtee nprta czeastsi onf treempesa lait ug
depends on t he c¢hoefmitctad dDteadriesaitdnheafett,kd31 .4 ]
However ,h hifgpheesnipteurfad 150t Kg&r)ai n boundawvies biver e
(Figumg t hus anelxawitnggr ai n .silzre telvihpuad s®pi ze
experi meett @l migce®d di ng t o wiBet aArSdlavv aEslt 1d2lhes e

cal cul atTehde vaavieucea.ge sg@gze for the austenistizati
199. 7 puym (2.0 ASTAM)9, uyfnor( 41093 0ASTAM), 3 &nY [fror( & h@
ASTM). Dissbkeuvanaadchb matr bhidgets austeni al gbng t
provides morthataniasgli di ssol ved i nahtihgeh ema tvroil xu.me



58 Chapter 6. Experimental Results

fractt logr eocfi pviatnaatdeiducnh car bi des during tempering.
responstithdeec ofnadrary hardening effect @abrghg tempe
hardifise&d®wn i n tchhea pamxetc hamb cal [ pdldperhé esrse of
more conventional intermedi a1l @3 GQaumE@)lhiquamntinigt it €%
of CMandgsavar bi daelds ec pmr e s eamtue mc tehce mi tlowsyYemnuct ur e.
inetpr esadgmi@er esence of t hnooste ocbadebrivddeds. ovalser hand,
thechr ombooth mol ydrdreinahfetdy Me c webdeamdsat the | owest
austenittdammeri aothur e .

Fi guMle -4senchedrmctuowonk thoalbstseérmieti zed at di f
temperatures; a) 1150°C, b) 1030°C and c¢c) 950°C

Af ter t etmpeer mngr oosft heowaurrke t oclonsitees of temper
martensite with vtetreyl gpir sateri iph @ tad driducolf MC car bi des,
cementite shown as white thin | amelclharomsiturnuct ur e
based c(Brpdildypi ctaHdi xrwcsttafet emper edwimahr t ensi t e,
fraction ofvawmwmadriisicio! e edb i d gpsr,e cv v & nad deiduenh

car bi derst,i t eecrreenamra ausne d carbides i s obtained wh e
recomméredicrde atpmemcd eadturtehemi augzie@g tempefdtfjfure of
Sucami cr ost r vaclteubrtea iwnaesd i n admuRi gcdatise® @em@Ea&reins on

of temper ed gafiocr ols.t2r3ubemtoumioedt o dilot st eel , austeniti

di fferent temperatures and tempenmFeidg ddbeoa si mi |l ar
the spaobmenitized from highhl tRinprereaatehasd) Yspeci
decompostitmaornt eanfah tohes e.rFvueed h e ronaorreea,r tcehai h e

due to |l arger prior austenite grweitimdasdi hatger
boundarpresseafrteamuchostructur e, practdamllbg no r e
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foumdmparedetoase of | owermpau stHtoameetchre,ati @am e

smawHi te precipitat ewhisstéreunmst taorcessti spghe s&@ntt ypi c
foundhifgohr t empadi.hg@Omst he oft dlecwelranadusteni ti z
tempers@speei men ,P@wandt PEBmprisee¢ ue eatpp lacehdi ev e

comparabl e hardnetshdearmios ni soflueeslioeduali nc atrhbe
mi cr ostafutcarur & u s,taesn i sthinoBvng idde h eFTy vairsei bl e as wh
spheri can tphheasgerseyr maer mar e F s i gamofsind a nptl layt es me
l i ke memdé asntaminc rsauscthr potewreddiCi PphEs g 4t ¢ .

Fi gurle Mi cr osttremp eiroabad rako-et e e | sgespmanwsng sim
hardo&ap2BMRC), but obtained at different ;austeni
a)high (sBgcibgetner medi atR2 a(nsdple@Ww manostenitizat:i
temperi ng 9$(esnppeechH gnbeunr e

6.1.3 Recommended heat-treatme nt

6.1.3.1 Mat. No. 1.2367 (material A)

I n t het bnaosdei hooheart ko-et eetl. MbBo. 1. 236 7 v(ammaatde ruima | A
rich MC carbides could be found in the marte
Figdle Ambhagar paodlnso nitrogen canhayehadse egadretdi ¢lIn
indi cahpmgs enwen adfiiucth car bi dest rainth® $§cld h b o
proeutphcasoed dis containing moderate anrduwntrse of
3Phowever, mass-sivehecoadaebitdes Care not present
FigdZzenBi gdBEempering results in a microstruct
with the r eatrhaeamrdgedmiemman toefnsi t e tchiey ®tcalps tand on
all oy chEBvdDliteisan ofucthbhee mwtctbstimcreasing the
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temperature FsggBedédnteed, tiompeicngstructure star:t
temper ed emawittehn spirteci pitated carbides that preci
solid solution of as quenched maadteinesvitreg HWihgeh p
hardneswoikh thool steels comes fr bhoeubhiec tcertyrsatgaoln a
celfl amstenite durtihmep-dgdénechivieg t a ahresafrotremmastiitoen t o
mi crostruesturtahéiyoagrbon on itrhieei ®9ri aiualt esi tes cof
structure. During tempaeroiémgt ot htekeamuadrdtuastnirst ae e mat r i
t heer eci pi t haliloony ocdfar bi des heakresapgamentmelf car bor
martensite @lroywdomii g wi ¢thr agonal itywbfclmawasensite
l readydedars|iBiresh elemheent i oned, fvaaerey tdruebdiec v-anadi um
ch MC carbideal aamdc kbeapsmeindd inctaer bi d st y(Ffea,cet t ed
obuidCatry pve , el oAagactie dWl yepee@)r fdrr 3.2 However , t he
ze of sutbtlbwaecakoil desweecheldlsow L. her eedoregn say

ey do not di rteladblrya sd ovret rmiebauTpareetsd git mattieon seque
tdeeaMLsdMiri ng the tempering process greatly d:
onrowortkool ,d¢ ®ed igbleldbelt mitlheei cf ostrucascael en such
aaiwal et hetEMngechni que was not pursuadlbh our i
resear caht uirne trheeg alridtizenrgoothigeM cervoaslt r u@wtourrke o f

| [dtlileMN|]evert hel ess, bfed arnw gtdhBecewf cgnor ese t hat a
hi ghest tempering-Alampeeatbluer édpecicmenst Buc
observahd gdoer | enpeolsidti loememtdensi t e ocaluarsgerMor eov.
amount of white phaseis® ) pe eFceghsdea theadw ecvaerrb i tdheesy)
startcedr.sen

YO0 ~—0"0NVQ - 9O
:TO_"‘J-GQ._"':T_'__'

(0]
e

FigdRe Mi crost fAucstpercetmelineg ® Ya) BaB dmibofpwodr i asmte d
speci men surface
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FigunB&tchddrmstruct ur e -wofrtkd-setmpelr e dgptholitimgme r
magni fia)Al o) an d-Ac) 3

6.1.32 Mat. No. 1.2363 (material B)

The micr ocsft o-wwa ttkorod st eel Mat . No . 1.2363 ( mat
and temperingFi gdéddmmds gatbed i imi hatr h ¢ @ othwndor k

tool steels (mat er iaals m@ Indoredn tD )dhlieeawtst oh ocuognhc é mt r a
of carbon and chromium (1 % Cphhs®&)Can)ye dubéec
i nheempered martensite matri x. Eut ectriicchcar bi
carbi déd.CidfypeBessiadge eut ecstiignidarckindesa mount
Crrich secondanrn@typebtcHdesob&edM asFishdiwenan
Figdbet the recommended austeniambkzmdsbncommbert
transfor mat i onocicnutaof endarr tgeunesnicthei ng. Very | ittl e
1.5 %) is left, which is &ah®swlsde qguwanptl]elitlegmhpe reil r
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|
10 pm

Fi gdd e Mi cr ost fBu cstpuerceitneefine @ a) opti cal aonfd b) BSE
polished specimen surface

e Secohdéﬁ'& )Cr—r‘ic'h':‘
carbides ;>

TEEN

Eutectic. Crerich’
carbides

Fi gunbEt chedosmircuct ur ec olvd rttkomp ercdeéd specihingher
magni fiiax)aBl okB)s anh d-B.c) 3

6.1.3.3  Mat. No. 1.2990 (material C)

The microstructure of st@)elafMadr. d\Nwe p elhi2mg Oa n dnatt
to a har dnesup OHRCY uisp szh oRwh@B uiiraen d hev ol uti on of t he
mi crostructure wicomdi hempasi mg t leenpsFeagturree i s p
47Compar etd@tmat eha&wer aget ledozae sef ict hdti aels C

reducsufQu.6éurther more, OM micrabgsaphsambsoti ofi i
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car badeswmealllesser amount and significantly smal
which is in accordphB8®&8ed we o inf tit hiaceMl ialn@anl gytsu rse  Be
| arger ehrcomiciambgudiesicant amount -pifchk maaid eird e
(grey pharsiecar bcnde ¥ (bl ack phaBieg 4 B@ ulTd obsee aalrse
evenly distributed through thehlcamperegdamaitie
vanadium i,coupi estdhtwegechh car bo mweclomme nt ralkbéi on a
size ofi ¢hneaWVvbi des are not negligible.

a S 100 um | |
Fi gdbe Mi cr ost rCu cstpuerceitncelne @ a) opt iméalr ogpgmadph) E
polished specimen surface

~ Bu ectic Crerich
"1 earbides: -

Figdi7ZEt ched microstr uctworrek -stfcectlle mpagete eldi
magni fia)€Cl obts andCc) 3
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6.1.34 Mat. No.1.2379 (material D)

The micr osft rieéiadtand rtko ol steel Mat . Nq. 1.2379
following thdesateceanmnmemdedutrheeuanhn & nti ¢ imEze mat ur es
clear |l yhhpmese nac el aarfigoeu n t of car bi doefs tienmptelre d mat
martermsigdeaendBi gdPA hidegmsity of M:&xrcgebedesciwith
asignificant amountM.@tasbhadlre sbhe seglc@egeednd s mall
dafgk ey phases o0ncdrhteh asoenmdp oBsSEi igadB)gBeo;t h car bi des
are typical ccahrrboimd eumt g ipe-wagkc bbddo asrtsece lesu.t ect i ¢
M Cscar bi des t dgeonl iddirfiingati on procearsHibdne ngo hi gh
el emé¢id] KReportst bferaad et ctohaarto d sicmr blade No.- 1. 2379 c
wor k t obrodngdxebenive e aviatvier agel@®@qmé¢ §8P1 n

t her rcammts ee,mpetremper ¢t mboy e etnhpeer at ur esssddmmonl| y
this type of steelsame dradedvnectsodhtaaconli esvtee eelhse i ncl u.
i n the i nveddtgihgat itemper i ng atnemprea aasnaid esefmafue el t |
secondary a@aar lviecdadtrsbd s ei rf alaFrusr et nhienr gnplreer, themperi ng
temperatures al sot bewtsexranaciocalrseen ts eadfatinhdear y car b

Fe content. The t eampskeor cangs tempesatqueerece of carbi
It has beported that the pCecM:@HtME4d Oomwi $gquence
increasing the teMasriang etaemp @i stcwrses2e.dg .elar |l i er |
The precofpi€Cratd aambi des occurs at | ower and inter

andromi ch carbides enriched witThiishrdi atehtedhs gher t
decomposition of mardrenass meatt ntbmeHeyr abendadt

c ar bfiodrem, orthor homB)[c6]clennoetnhteirt emi(cM ostructure ¢
hia@hl oy tool steels is ,ethlegrheed au st etnhiet ezi IG@ N ¢
temper dthmoeteh@u st dreintre c¢c hecdarWiiddlemi ng el ement s, w I

makes it highly stable withllI&Kpepwier ettlpe maurtreenrsti t
castehepeci menasuswematiintzed méemapeesgdtldr2d ° C) and

i mmedi ately double temperedtlads treenpreetaaygmed abo:
austeniteavenyltéwal hios was tchogrfaiyr nMed fbryacti on ( XF
measur e me nttes.t eifed vse a taingdattddleth rheaer d n e s § hrge toaliprse d

aust émiatceb oinbwswaés i denti fied

10 pm

Fi gdBe Mi cr ost fDu cstpuerce tneelne@ a) opti cal aofd b) BSE
pol isphedi men surface
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Eutectic Cr—ri_c’h
_ .;»carbid'eFS" :

+Fine Cr-rich
secondary carbides |

Secondéry Cr».-r.i‘chn’ -
: carbides: | 77

1 pm b) Bl

Fi gu@OEt ched microstrucd-wo gko®ft eeempaeedmgher
magni fiiad)abl obds azn d-D.c) 3

6.1.4 Carbide fraction and distribution

The voflruamcet i on ¢ < 60Ma ndma Ilalrvod dt @wo rtko-st e el
speciamemjsecdiefdf e¢roent austeni ¢$i sholgarbtl@mplehreat ur
hi g hveosltuimeacti on was found for the | owest aust
being 0.9 %,% ioh€IMbdicndgr0 .Mb rich%caf bsmhiasch awd
MCt ype carbides.vahhdriifuemact @a olni eddstanisncredsecad
austenitization trenfpreacattiuare,atwi%.h3 AtheChdédelhingh
austenitization temperatheriecbfcddbO0deé<, amé mois
the matri x.

Tabl3® ol umacfiimoeP)undi ssoedwverdVCh /ddadr-gausd es hed
speci,madred er nNEAdFbat uneeandlDysiasndombf26@I1 ect e
x200mM

Austenitization un-ghssolved Me Fy|_oe un-dissolved M »3Cs type
temperature carbides/carbo_ -nitrides carbides (Cr/Mo rich) [%]
(Vrich) [%]
1150 ° 0.01+0.01 /
1030 ° 0.3t0.1 /
950 °(C 0.5:0.1 0.4+0.1
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For the tempeRle,d Bpegcih inghhi®®d kyat ues of detected coa
wer e oHQTEablngHd we vieeg ,t rtenihi 9 afroraquleaecased .speci mens
The highest fr acsthioohnyt bé spebsthensi ti zed and tempe
t he |toevepsdr @P8) £swivtelr atlhe car bi dej weotl airmel f2 a%.t i on
I't is foll owedhalryd esnpeedc iancecnoa Bi2 nmndgehde @tr e h § me n t

havi ndg dofindma vMeOn a driiucnh s ahpdeihmendened at the higl
teprer at uraegas(Masubst alnoweal | gar bad fd e | ®@Tchtei o n
aversaiged hebr bi deses baudlgpr ecpmpedantedin gqguenched
tempered shewdarmemoms$ ,isst esei&wig 6 0 e

TablZz Vol ume fracti-amdfiMec h%)c agibe @reis@ mpred e d
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6.2 Mechanical Properties

6.2.1 Effectof heat treatment
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t hmartensitic st[r84cLtouorkei nrge caotv etrhye i mpact toughne
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temperature (P3 specimens) results in intermedia
(A = Dbb@w%») in the | owest yield strength, being mor
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6.2.2 Hardness of tool steel after recommended heat treatment

Targeted har(iimeass8yY aR@s priihkeedtre atwemd i n
gener al Haowe eevred. exact har dness | eVied se fwoerree, ver
hardness gfFDPuUHRGIHRG 34 HRC wer e ¢oinsmalels ed

di fferencesas ualohyhradvreesas si gni ficant effect on th
the todll1Bilkhealr dnasééesevetdheaefctoremmended hbatdeni ng
treatameents hbavml @ m genlesxlailght |l y | owdepbarherss of
was acactewmpadrteldeatrggetreres ddodispeci fic hardness gr c
2, 3 Dhiw)ie® dhe Mmawtf a,btaldickder eatsmeanti | ity as wel
aghemical composition vaiinédtliuems ef a fth mit divamtt c lo meo L
treatMamuf acemplashat the | isted recloenammendati on
treatameentappyoxamadteo not guarantee maxi mum or n
val areher ef or e, i n ¢ awea & atsoa slbees evletr ailn s heci mens
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Tabl® Achieved hatrideeesds sipewe Ime nef

Label | Target [HRC] ‘ Achieved hardness [HRC]
Mat. No. 1.2367 mod. (material A)
1-A 55 54+ 0.5
2-A 50 49+ 0.2
3-A 45 45+0.1
Mat. No. 1.2363 (material B)
w-B 60 59+ 0.2
1-B 55 55+1.4
2-B 50 49+ 0.3
3-B 45 45+ 0.6
Mat. No. 1.2990 (material C)
1-C 55 54+ 0.4
2-C 50 49+ 0.3
3-C 45 46+ 0.6
Mat. No. 1.2379 (material D)
w-D 60 59+ 0.2
1-D 55 54+ 1.6
2-D 50 49+ 1.1
3-D 45 45+ 0.8

The mahtarridxn e s st hfeaarr dalek swagsr eotueprsmisn éndy¥i cker s

i ndenttaetcihmaingdueoad .dfn & hdgtshiewdgnts were restrai
matri x phase with sectomhidmfrlyuecnacreb i adfe sg o aarvsod dé win
The rasel psmmsFengtéded ameseceehadbdbr t hehahridgnheessst gr ou
(55 HRCgpgp6éségthe himgatersitx hardness of @66&6dvdH¥YO0. 05
t ool si1Bel B I (hoowedtkdol st ecced-WwdArtkaead st eel C (
HVO0. 05), while the | 6%8 Dt DA tisrpilbayy ledd dtkeesls o f
steellheD mataridnmesei sompar abhikée f hber wa éantt d colwesrt e e
hardhesel s, beSOg O 5 abouthar dmaeoungr @.9@®5 HVan
for har dne.sAsg agtnopaulp s3t eel s A and C show very
Nevert hbamatsisi x sH aotrdaiefsf er ent wittoliln sttlheeel same he
groupni gewietrim |t he asanged aocfd . Tdhees iraali aotwi a@ldwnr d
devi atsisorci ated with 1ihdi poafbit @rbagstdmemtsgemsei ty
andheni form di seciobdtir fnBOadf bi des



86 Chapter 6. Experimental Results

00 53-55 HRC
50- I 48-50 HRC
00. I 44-46 HRC
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SEMSE|I ismasgheo wi ng s p(Ecpioife aiRidgemMeI he resul ting
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c odwd rtko ol steel -D)w( dtghded igrheemssti2td/e et E@H @ € h

car bdidetsri buted in the tdamparddamaaheosigheumat i
the micrestduomgtmcGBa 5f breat mindp d9GP awh etnhiend e n't

i snadet he ¢ aArsbisdhenaving rtko ol setxehei lbh Dghb-yuni f or m
hardness diwithhbtheoéb aoeludtel@et i cALscMr bi diersgrang
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(Fi gbi@e alhidg®@eéEven whehimaadeivxi ati on in hardness
presemhi c hatctarni thlmuet telde p r e sseenccoen doafr ys ntaalrlbi des
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Matrix indent

Carbide indent
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b)

0) d)

Fi géBeanondentodt ispre2di man opt SEAl mandobh)aph of na

i ndentatieomnd c¢c) hahamesnesmapi andiduti on

Tab2@aniondeinstthmar dnes$ oresal r-€:x aabddBks

Roc kw
Speci I 1'Y8al] I 1'M HV] [HR¢-
k
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Matri|Carb{( M| Matr |[Car b W s
2D 5 Noh. 6] 18R . 8| 498 4| 16 R4 481
*I'luMnstrumedeedati on met hod
The r estunlet sh aodfe n tt eessdtloow t hatut e@aamglei des significa
i nfl uamaredness di staltttheea i eni & hr muWeh ocsat r uacst suur nee.
that the degreanbfohmrtdtmpyebss dbnectlandotryyped at ed
of carbides presemBesdldaertghee esutteeecl MiOga tycpaeixsiodes of
harder carib,jeiCoc dry plees , f wés etis airens ehn gher cei f fer en

bet welkmatri ®* headbiMCe ype carpiaeasant itrhtesome of
st eseinvesti gatedAi andhvd¥rdes batdgul t utdoo esheebirbt e d
size and | ow volume fraction.

6.2.3 Fractureto ughness after recommended heat treatment
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