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IVADAS

Kuriant naujus medienos apdirbimo jrankius, biitina Zinoti jy dilimo ir atSipimo
procesg, kuris vyksta pjovimo metu. Dar nepakankamai iStirtas medienos pjovimo
jrankiy dilimo procesas ir jo désningumai. Kol kas néra tiksliy duomeny,
paaiskinan¢iy cheminiy, elektrocheminiy reiskiniy jtakg jrankio atSipimui. Tokiais
atvejais vartojamas dispergavimo terminas (iSsisklaidymo, susmulkinimo).
Dispergavimas yra konkreCiy fizikiniy procesy pasekme. Jis gali vykti dél
mechaniniy, Siluminiy, elektriniy ir mechaniniy-cheminiy veiksniy. Kuris i§ paminéty
veiksniy turi dominuojancig jtakg dilimui, priklauso nuo reiskiniy, vykstanciy
pjovimo jrankio ir apdirbamos medziagos kontakto zonoje bei nuo apdirbimo rezimo.

ASmeny zonoje yra sukoncentruota didziul¢ mechanin¢ energija, todél susidaro
didelis slégis, ir pjaunancioje jrankio dalyje susidaro dideli jtempiai. Kuo §ioje zonoje
yra didesné mechaninés energijos koncentracija, tuo kryptingiau vyksta apdirbamos
medziagos ardymas, tuo lengviau valdyti pjovimo procesa, o apdirbtasis pavirSius
biina kokybiskesnis.

Pjovimo proceso metu visa mechaniné energija, iSsiskirianti kontaktiniuose
pavirsiuose ir apdirbamos medziagos deformacijos zonoje, virsta Siluma. Skirtingai
nuo metaly, organinés medziagos ir ypac poringa mediena yra mazai laidzios Silumai.
Tode¢l Siluma i kontakto zonos, nupjaunant drozle, nepaSalinama. Kontaktiniuose
pavirdiuose koncentruojasi daug §iluminés energijos. Siluminés energijos kiekis
priklauso nuo pjovimo grei¢io, kuris pjaunant medieng daug didesnis negu pjaunant
metala. Todél Siluminiy reiskiniy, vykstan¢iy pjovimo zonoje, tyrimai padeda tiksliau
paaiskinti pjovimo jrankiy dilimo procesa.

Yra zinoma, kad organinése medziagose, net ir palyginti neaukstoje
temperatiiroje, vyksta terminé destrukcija — susidaro nauji cheminiai junginiai,
dazniausiai organinés rugStys, agresyviai veikianCios metalg. Adsorbuojant
agresyvias medziagas, jrankio aSmenys gali chemiskai irti.

Pjovimo zonoje dél trinties susidaro statiniai ir pjezoelektriniai kriiviai,
atsiranda elektros srove, kuri gali biiti elektroerozinio ir elektrocheminio dilimo
priezastis. Pjovimo proceso metu j pjovimo zong gali patekti daleliy, kuriy kietis yra
artimas jrankio medziagos kie¢iui. Siuo atveju yra galimas abrazyvinis agmeny
dilimas.

Pjovimo jrankio atsparumas dilimui priklauso nuo jvairiy veiksniy. Pirmoji
grupé — tai veiksniai, priklausantys nuo pjovimo jrankio: jrankio medziagos cheminé
sudétis, struktira, kietis, a$meny nusmailinimo kampas, darbiniy pavirSiy
SiurkStumas, po galandimo lik¢ defektai. Antraja grup¢ sudaro veiksniai,
priklausantys nuo apdirbamos medziagos: tankis ir strukttira, drégnumas, klijy kiekis,
gamybos budas ir kiti. Treciajai grupei priskiriami apdirbimo rezimo veiksniai:
pjovimo ir pastimos greiciai, drozlés storis, pjovimo kelias, pjovimo kampas, pluosto
kryptis ir kiti. Ketvirtoji grupé — tai iSoriniy aplinkos salygy veiksniai: pjovimo zonos
temperatira, santykinis oro drégnis, ausSinimas ir drozliy pasalinimas.

Apibendrinant galima teigti, kad pjovimo jrankiy patvarumui, t. y. jy dilimo
procesui ir jo désningumui, jtakos turi daugybé veiksniy, kurie, veikdami nevienodu
intensyvumu, vienas su kitu saveikauja.



Moksliniy tyrimy tikslas

Sukurti medienos frezavimo peiliy aSmeny dilimo jvertinimo metodika ir istirti
jvairiy veiksniy jtakg jy dilimo intensyvumui bei istirti peilio aSmeny dilimo poveikj
frezuoty pavirSiy kokybei.

Siam tikslui pasiekti buvo iskelti tokie uzdaviniai:

1. Sukurti medienos frezavimo peiliy dilimo tyrimo stendg ir parinkti matavimo
aparatiirg.

2. Ivertinti medienos frezavimo peiliy aSmeny dilimo procesa ir jo désningumus.

3. Nustatyti frezavimo rezimo technologiniy veiksniy jtaka peilio aSmeny dilimo
intensyvumui.

4. Nustatyti plieny cheminés sudéties ir struktiiros jtaka peilio aSmeny dilimo
intensyvumui.

5. Nustatyti peilio aSmeny dilimo ir rezimo technologiniy veiksniy jtakg frezuoty
pavirsiy kokybei.

Mokslinis naujumas

1. Sukurta metodika, skirta medienos frezavimo peiliy atsparumui dilimui tirti
pjovimo biidu. Keiciant jvairiy technologiniy veiksniy jtakg, galima imituoti
jvairias frezavimo rezimo salygas. [vertinus peilio aSmeny mikrogeometrijos
parametry ir pjovimo galios pokycius, galima nustatyti jrankio aSmeny dilimo
désningumus, intensyvuma ir atsparumg dilimui. Jvertinus peilio aSmeny bikle,
galima prognozuoti frezavimo rezimo energijos sanaudas ir frezuoty pavirsiy
kokybe.

2. Nustatyta, kad, frezuojant mediena iSilgai pluosto, pjovimo ir pastiimos greiciy
jtakos peiliy dilimui yra skirtingos. Pjovimo greiciui padidéjus nuo 22 iki
41 m/s, frezavimo peiliy dilimo intensyvumas sumazgjo. Tiriant pastlimos
greicio jtaka, nustatyta priesinga priklausomybé, palyginti su pjovimo greicio
jitaka. Padidéjus pastimos greiciui, peiliy aSmeny dilimas suintensyvéja.

3. Ivertinta peilio dilimo ir jvairiy technologiniy veiksniy jtaka frezuoty pavirsiy
kokybei. Nustatyta, kad frezuoty pavirsiy kokybé priklauso nuo asSmeny buklés,
medienos risies ir technologiniy frezavimo rezimo veiksniy.

Praktiné reikSmeé

Sukurta tyrimy metodika ir jranga gali biiti panaudota medienos frezavimo
peiliy atsparumui dilimui jvertinti. Si metodika yra tinkama parenkant frezavimo
peilius, kadangi daugelio gaminamy peiliy plieno cheminé sudétis yra zinoma, bet
panasaus tipo atskiry gamintojy peiliy kainos skiriasi kelis kartus.

Si tyrimy metodika sudaro galimybes parinkti optimalius medienos frezavimo
rezimus, atsizvelgiant j jrankio cheming sudétj, terminj apdorojima bei eksploatacines
savybes. Kei¢iant jvairiy technologiniy veiksniy jtaka bei apdirbamos medienos rtsj
arba medziagos tipa, galima imituoti jvairias frezavimo salygas, siekiant jvertinti
frezavimo peiliy aSmeny elgsena, frezavimo rezimo energijos sanaudas ir frezuoty
pavirsiy kokybe. [vertinus kompleksing ar kiekvieno veiksnio jtaka atskirai, galima
parinkti optimalius frezavimo rezimus, tenkinancius energijos sgnaudy ir frezuoty
pavirsiy kokybés kriterijus.
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Darbo aprobavimas ir publikavimas
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1. LITERATUROS APZVALGA

1.2. Medienos ir medienos medZiagy frezavimas
1.2.1. Frezavimo atvejy klasifikacija ir technologiné paskirtis

Frezavimo procesas — tai baigiamasis apdirbamy detaliy pavirSiy formavimas.
Sis procesas naudojamas profiliniams ir neprofiliniams kreivalinijiniams pavir§iams
apdoroti kopijavimo budu, dygiams ir kilpoms frezuoti, grioveliams ir lizdams
frezuoti ir kitiems pavirSiams sudaryti (Ettelt, Gittel, 2004; Staniszewska,
Zakrzewski, 2006; Davim, 2011; Csanady, Magoss, 2013; Gok ir kt., 2014).

Frezavimg klasifikuojat pagal jrankio pjaunanciyjy briauny padétj jo sukimosi
aSies atzvilgiu, galima i8skirti cilindrinj (iSilgai, skersai ir statmenai pluostui), kiiginj
ir galinio frezavimo badus. Siy pagrindiniy bady deriniai duoda sudétingesnius
frezavimo atvejus (Csanady, Magoss, 2013).

Klasifikuojant pagal pastimos judesio krypti pluosto atzvilgiu, galimi Sie
atvejai: iSilgai, skersai ir statmenai pluostui (Csanady, Magoss, 2013).

Klasifikuojant pagal ruoSinio pastimos kryptj ir jrankio sukimosi kryptj,
galimas: prieSprieSinis arba tos pacios krypties (Goli ir kt., 2009; Goli ir kt., 2010;
Csanady, Magoss, 2013). PriesSprieSinis frezavimas retai sutinkamas, nes
sunaudojama daugiau energijos (Goli ir kt., 2009).

Klasifikuojant pagal pjaunanciy briauny skaiciy biina: atviras, pusiau uzdaras ir
uzdaras frezavimas (Csanady, Magoss, 2013).

1.2.2. Cilindrinio frezavimo kinematika

ISilginis frezavimas dazniausiai taikomas plokstiems ir profiliniams pavirSiams
sudaryti (Csanady, Magoss, 2013). Sis apdirbimo biidas uztikrina gana gerg pavirsiaus
kokybe, reikiamg tikslumg ir SiurkStumg (Hernandez, Cool, 2008; Malkocoglu, 2007;
Hernandez ir kt., 2014a, Kvietkova ir kt., 2015; Rolleri ir kt., 2016).

Cilindrinis frezavimas — tai medienos pjovimo procesas, kurio metu
besisukanciame jrankyje itvirtinti pjovikliai nupjauna nuo apdirbamo pavirSiaus
cikloiding drozle (Medi¢, Hlebanja, 1995; Robenack ir kt., 2013). Sis procesas vyksta
tik esant pjovimo ir pastimos judesiams. Bet kuris frezavimo jrankis,
charakterizuojamas pjovimo spinduliu R, atlieka pastovy sukimosi judesj, kuris
aprasomas kampiniu grei¢iu o arba linijiniu grei¢iu v. Pastimos judesiu « apraSomas
pastovus ruosinio slenkamasis judesys link pjovimo zonos. Tik iSimtiniais atvejais
pjovimo jrankis tuo pat metu atlicka pjovimo ir pastimos judesius (Medi¢, Hlebanja,
1995; Csanady, Magoss, 2013). Daugeliu atvejy pastimos judesys suteikiamas
ruosiniui. Frezavimo procesas gali biiti dvejopas: pries ir pagal pastiimos krypti (Goli
ir kt., 2009; Goli ir kt., 2010). Frezuojant pagal pastima, pjoviklio kontakto su
mediena trajektorija trumpesné (Medic, Hlebanja, 1995; Goli ir kt., 2009; Rébenack
ir kt., 2013). Nuo pjovimo trajektorijos priklauso apdirbto pavirSiaus kokybé
(Csanady, Magoss, 2013).

Frezavimo zonoje skiriami trys pagrindiniai pavirSiai: apdirbamasis, apdirbtasis
ir pjovimo (Csanady, Magoss, 2013).
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Bet kurj frezavimo rezimg apibiidina Sie dydziai: nupjaunamojo sluoksnio storis
h, frezavimo plotis b, pastima vienam pjovikliui u,, pjovimo greitis v (Medic,
Hlebanja, 1995).

Nupjaunamojo sluoksnio storiu /4 vadinamas vienu ¢jimu pasalintos medienos
sluoksnis. Sudarant plokscius pavirs$ius, nupjaunamo sluoksnio storis per visa ruosinio
plotj vienodas. Frezuojant profilius, nupjaunamo sluoksnio storis gali keistis
(Staniszewska, Zakrzewski, 2006; Csanady, Magoss, 2013).

Frezavimo plotis b visuomet yra lygus apdirbamo ruosinio ploc¢iui (Csanady,
Magoss, 2013). Dazniausiai §i charakteristika vadinama apdirbimo plo¢iu.

Pastima vienam pjovikliui u, — tai atstumas tarp dviejy gretimy pjovimo
trajektorijy, iSmatuotas lygiagreciai su pastimos grei¢io vektoriumi. Tai viena i§
svarbiausiy frezavimo rezimo charakteristiky. Pastima vienam pjovikliui u, ir peiliy
skaiCius z nulemia pastimos vienam apsisukimui u, dydj (Medi¢, Hlebanja, 1995).

Zinant pastima vienam pjovikliui u, arba vienam apsisukimui u,,
apskaiciuojamas pastimos (stimimo) greitis .

Pjovimo greitis v — tai pagrindiné pjovimo proceso -charakteristika.
Matematiskai pjovimo greitis v — tai geometriné pjovimo grei¢io vektoriaus vy ir
pastiimos greicio u vektoriaus suma (Medic, Hlebanja, 1995; Grinevich ir kt., 2012).

Pjaunant mediena, pastimos greitis ¥ daug mazesnis uz pjovimo jrankio linijinj
greit] vo (Medic, Hlebanja, 1995).

Nupjaudamas drozle, pjoviklis su mediena kontaktuoja tam tikra trajektorija.
Sios trajektorijos ilgj priimta vadinti pjovimo kontakto lanko ilgiu /. Cilindrinio
frezavimo atveju drozlés Soninis pavir§ius yra pjautuvo formos (Medi¢, Hlebanja,
1995). Drozlés storiu @ vadinamas trumpiausias atstumas tarp dviejy gretimy pjovimo
trajektorijy, iSmatuotas statmenai pjovimo grei¢io krypciai. Tai kintantis atstumas tarp
dviejy puslankiy. Drozlés storis maziausias kontakto pradzioje ir didziausias pjoviklio
i$¢jimo i§ medienos metu. Taciau jis priklauso nuo nupjaunamo sluoksnio storio /% ir
pastiimos pjovikliui u. (Ciuprinas, 1970; Krauss ir kt., 2016).

Apskai¢iuojant jégy ir pjovimo energijos sgnaudas, butina zinoti vidutinj
drozlés storj. Tai universalesné charakteristika, kuri susijusi su pastima vienam
pjovikliui u., nupjaunamo sluoksnio storiu /4, pjovimo spinduliu R ir konstrukciniais
stakliy parametrais (Medic, Hlebanja, 1995; Goli ir kt., 2009; Krauss ir kt., 2016).

1.2.3. Isilginio frezavimo metu veikiancios jégos

Frezuojant mediena priesinasi pjovimui (Chuchala ir kt., 2014). PasiprieSinimas
pjovimui vyksta per visa kontakto lanko ilgj (Ciuprinas, 1970; Medi¢, Hlebanja, 1995;
Medic, Fajdiga, 1996; Cristovao ir kt., 2012). Paprastai frezavimo jrankyje yra keli
pjovikliai, iSdéstyti tam tikrais intervalais. Todél pjovimo procesas vyksta periodiskai,
pasikartodamas su tuséiosios eigos judesiais (Medic, Hlebanja, 1995; Medic, Fajdiga,
1996).

Kai frezuojama pagal pastimos kryptj, drozlés storis didziausias kontakto
pradzioje, o prie$ pastima — kontakto pabaigoje. Pjovimo apkrovos dydj bet kuriam
pjovikliui priimta apskaiciuoti jvertinant nupjaunamos drozlés skerspjiivio plota.

PasiprieSinima pjovimui apibiidina specifinis pjovimo darbas, kuris skaitine
reikSme yra lygus specifiniam pjovimo slégiui.
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Ties kontakto lanko ribomis su mediena veikia kintamos (momentings) jégos:
tangentiné F, (lygiagreti V) ir normaliné F. (statmena V) (Medi¢, Hlebanja, 1995;
Medi¢, Fajdiga, 1996; Gok ir kt., 2014; Krauss ir kt., 2016).

1.3. Irankiy medZiagos

Masyviajai medienai ir jos medziagoms apdirbti naudojami jrankiai, kuriy
aSmenys pagaminti i§ jrankiy ar greitapjovio plieno, stelity, kietlydiniy, keraminiy
medziagy, polikristaliniy ir monokristaliniy deimanty (Ettelt, Gittel, 2004). Siekiant
padidinti aSmeny atsparumg dilimui, jy pavirSiai padengiami jvairiomis dilimui
atspariomis dangomis (Ettelt, Gittel, 2004; Kanefusa, 2015; Leitz, 2015; Leuco 2015;
Oertli 2015; Tigra, 2015).

Visos aSmenims gaminti naudojamos medziagos yra klasifikuojamos pagal jy
kietuma, tagsuma, stipruma ir atsparuma dilimui (Ettelt, Gittel, 2004). Taip pat svarbus
yra jvairiy medziagy gebé¢jimas iSlaikyti kietuma aukStoje temperattroje (Stewart,
1998; Astakhov, Davim, 2008). Sios savybés turi jtakos medziagy taikymo sriciai,
aSmeny formai ir jy parametrams (Kanefusa, 2015; Leitz, 2015; Leuco 2015; Oertli
2015; Tigra, 2015).

MKD
CVvD

1.3.1 pav. Medienos apdirbimo jrankiy nusmailinimo kampai:
HL — legiruotas jrankiy plienas; HS — greitapjovis plienas; ST — stelitas; HW — volframo
karbidas; DP — polikristalinis deimantas; MKD — monokristalinis deimantas;
CVD - cheminiu biidu nusodintas polikristalinis deimantas (Leitz, 2015)

Did¢jant medziagy kietumui, sumazéja medziagy tasumas (Ettelt, Gittel, 2004;
Kanefusa, 2015; Leitz, 2015; Astakhov, Davim, 2008). Todél, gaminant jrankius,
atsizvelgiama | Sias medziagy savybes, kurios turi jtakos aSmeny geometrijai.
Didéjant medziagy kietumui, didéja nusmailinimo kampy skaitinés vertés. Medienos
apdirbimo jrankiams (1.3.1 pav.), kuriy aSmenys pagaminti i§ mazai legiruoty jrankiy
(SP) plieny, rekomenduojamas nusmailinimo kampas £ > 20°, i§ legiruoty jrankiy
(HL) ir greitapjoviy (HS) plieny — f = 35-45°, 18 stelity (ST) — = 40-50°, volframo
karbidy (HM) — p=45-55° npolikristaliniy deimanty (PCD) — f=60-75°
monokristaliniy deimanty (MCD) arba padengty polikristaliniy deimanty (CVD)
sluoksniais — f = 75-90° (Ettelt, Gittel, 2004; Kanefusa, 2015; Leitz, 2015; Kowaluk
ir kt., 2009).
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1.3.2 pav. Temperattros jtaka jrankiy aSmeny medziagy kietumui:
Carbon Tool Steels — jrankiy plienai; HSS — greitapjoviai plienai; Carbides — karbidai;
Ceramics — keraminés medziagos; PCD — polikristaliniai deimantai; Hardness — kietis;
Temperature — temperatiira (Astakhov, Davim, 2008)

Darbe (Astakhov, Davim, 2008) teigiama, kad, didéjant jrankio asmeny
temperatirai (1.3.2 pav.), jvairiy jrankiy medziagy kietis sumazéja. Mazéjant jrankio
aSmeny kieciui, sumazgéja ir atsparumas dilimui. Daugelio autoriy darbuose pastebéta,
kad jvairiy jrankiy plieny kietis smarkiai sumazéja esant 500-600°C temperatirai
(Stewart, 1998; Astakhov, Davim, 2008; Csanddy, Magoss, 2013; Horman ir kt.,
2014). SP plieny kietis pradeda mazéti jkaitus daugiau nei iki 200 °C, HS plieno —
daugiau nei iki 500 °C. Jvairiy kietlydiniy (HM) kietis mazéja esant didesnei nei
600 °C temperatiirai. PCD kietis pakinta nuo 400 °C. Keraminiy medziagy kietis
pakinta maziausiai, ir tai vyksta, kai aSmeny temperattira pakyla iki daugiau kaip
1000 °C (Astakhov, Davim, 2008).

1.3.1. Irankiy plienai

Pagal LST EN ISO 4957 standartg (2003), jrankiy plienas — tai specialus
plienas, tinkamas medziagoms apdirbti arba perdirbti bei pasizymintis dideliu
kietumu, atsparumu dilimui ir (arba) standumu. Irankiy plienai pagal cheming sudétj
skirstomi j dvi grupes: nelegiruotuosius ir legiruotuosius. Pagal DIN — EN 847 — 1
standarta (2011), Sie plienai skirstomi j tris grupes: nelegiruotus (WS), mazai
legiruotus (SP) ir legiruotus (HL) (LST EN 847-1, 2005).

Nelegiruotuosius plienus sudaro 0,65—1,35 proc. anglies (C), 0,17-0,33 proc.
silicio (Si), 0,17-0,33 proc. mangano (Mn), ne daugiau kaip 0,035 proc. sieros (S) ir
fosforo (P) priemaisy (Ettelt, Gittel, 2004). Kai kuriuose plienuose gali bati 0,12—
0,40 proc. chromo (Cr), 0,12—0,25 proc. nikelio (Ni) ir 0,20-0,25 proc. vario (Cu).
Termiskai apdoroty nelegiruoty plieny kietis yra 62—-63 HRC. I$ nelegiruoty plieny
gaminami $alto medienos apdirbimo masSininiai ir rankiniai jrankiai, kurie negali
jkaisti daugiau nei iki 200 °C temperaturos. I$ $iy plieny gaminami tekinimo peiliai
(C 100, 100 Cr 6), jvairiy pjukly juostos bei diskai (C80), kirviai, skeltuvai, frezos,
gilintuvai, graztai ir jvairiy jrankiy korpusai (Ettelt, Gittel, 2004). Sie plienai (75 Cr 1
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ir 80 CrV 2) naudojami diskiniy pjikly korpusams, prie kuriy prilituojami kietlydinio
(HM) arba polikristalinio deimanto (PCD) asSmenys, gaminti (Ettelt, Gittel, 2004).

Legiruotuosius plienus sudaro 0,27-2,20 proc. C, 0,10-1,60 proc. Si, 0,15—
0,23 proc. Mn, 0,20-13 proc. Cr, 0—8,50 proc. volframo (W), 0,05-2,80 vanadzio (V),
0,15-3,0 molibdeno (Mo) ir kity specialiy priemaisy. Legiruoty plieny kietis po
grudinimo yra 48—66 HRC. I§ legiruoty plieny gaminami jvairtis masininio apdirbimo
jrankiai, kuriy aSmenys jkaista daugiau nei iki 300 °C. IS $iy plieny gaminami gateriy,
juostiniai ir diskiniai pjiklai. Taip pat graztai, jvairiy konstrukcijy frezos, frezavimo,
lukstinimo ir kirpimo peiliai (Ettelt, Gittel, 2004).

1.3.2. Greitapjoviai plienai

Greitapjoviai plienai skirti darbo metu jkaistantiems pjovimo jrankiams gaminti
(LST EN ISO 4957:2003). Sie plienai dél savo cheminés sudéties pasizymi didziausiu
aukstatemperattriniu kieCiu ir kaitriniu patvarumu iki 600 °C temperatiiros (Ettelt,
Gittel, 2004; Csanady, Magoss, 2013). Greitapjovio plieno (HS) jrankiais ruosinius
galima apdoroti 3-5 kartus greiCiau, palyginti su nelegiruoto plieno jrankiais.
Greitapjoviai plienai 3040 proc. stipresni, palyginti su nelegiruotais ir legiruotais
plienais (Astakhov, Davim, 2013).

HS plienai pagal cheming sudétj skirstomi j keturias grupes. Visy grupiy plienai
turi 0,7-1,4 proc. C, 3,5-4,5 proc. Cr ir kartais 5-10 proc. kobalto (Co). Taciau
skiriasi kity legiravimo elementy kiekiai. Pirmajai grupei priklauso plienai, turintys
18 proc. volframo (W) ir 1-2 proc. vanadzio (V), antrajai grupei priklauso plienai,
turintys 12 proc. W ir apie 4 proc. V, tre€iajai grupei priklauso 6 proc. W, 5 proc. Mo
ir 1-2 proc. V turintys plienai, ketvirtajai grupei priklauso 9 proc. W, 2 proc. Mo ir
1-2 proc. V turintys plienai (Ettelt, Gittel, 2004). W ir Mo yra pagrindiniai
legiruojantys elementai, kurie padidina plieny kietj (> 60 HRC) iki 560-600 °C
temperatiiros. Termiskai apdoroty HSS plieny kietis siekia 66—70 HRC (Ettelt, Gittel,
2004).

IS HS plieny gaminami jvairlis frezavimo ir obliavimo peiliai, jvairios
konstrukcijos frezos ir graztai.

1.3.3. Stelitai

Stelitai (ST) yra kieti kobalto (Co) ir chromo (Cr) lydiniai su dideliu kiekiu
volframo (W) ir (arba) molibdeno (Mo) (Ettelt, Gittel, 2004). ST pasizymi didesniu
kietumu, atsparumu dilimui, kavitacijai, korozijai ir laidumu temperatiirai, palyginti
su greitapjoviais plienais (Ettelt, Gittel, 2004). ST gaminami liejimo biidu. Pagaminti
jvairiy formy aSmenys prilituojami prie pjukly juosty ir disky, frezy ir jvairiy peiliy
korpusy (Siklienka ir kt., 2015).

D¢l atsparumo dilimui ir korozijai jrankiai su ST aSmenimis daugiausia
naudojami atliekant pirminj drégnos medienos apdirbima, t. y. lentpjuviy sektoriuje
(Okai, ir kt., 2006; Siklienka ir kt., 2015). ST aSmenys, palyginti su kietlydiniais,
prilituoti prie pjikly juosty, disky ar kitos konstrukcijos korpusy, sudaro tvirtesnj
sujungima. I8lizus pjuklo danciui ar kitokio jrankio pjovikliui, aSmenis galima
sutaisyti, prilituojant naujus (Ettelt, Gittel, 2004; Okai et. al., 2006).

16



1.3.4. Kietlydiniai

Kietlydiniai (HM) — tai metaly pagrindu sudarytos labai kietos ir atsparios
dilimui medziagos, kurios neminkstéja jkaitusios iki 800—1000 °C temperatiiros
(Astakhov, Davim, 2013). Jrankiy aSmenims gaminti naudojami sukepintieji
milteliniai kietlydiniai (Porankiewicz ir kt., 2015; Szwajka, Trzepiecinski, 2016).
Medienai ir medienos medziagoms apdirbti dazniausiai naudojami volframo karbido
(WC) kietlydiniai, kurie gaunami 1400-1500 °C temperatiiroje, sukepinant
supresuotus volframo (W), titano (Ti) bei tantalo (Ta) karbidy miltelius su riSamagja
medziaga — kobalto (Co) milteliais (Ettelt, Gittel, 2004). Sie HM turi 3—15 proc. Co,
likusig dalj sudaro WC gradeliai, kuriy dydis 1-1,5 pm (Tigra, 2015). Siy HM
kietumas biina nuo 85 iki 93 HRC (Tigra, 2015).

IS HM gaminamos jvairios plokstelés — pjovimo jrankiy darbinés dalys, taip pat
smulkiis vientisi jrankiai — graztai, gilintuvai, kotinés frezos ir kiti. PlokStelés
prilituojamos prie jrankiy korpusy. Tiksli aSmeny forma ir matmenys gaunami HM
ploksteles Slifuojant (Ettelt, Gittel, 2004). Irankiai su HM aSmenimis naudojami
apdirbant dziovintg jvairiy riiSiy masyviaja mediena, jvairias klijuotas medienos
medziagas ir medienos plastikus (Guo ir kt., 2015; Kminiak ir kt., 2016; Porankiewicz
ir kt., 2016).

1.3.5. Keraminés medZiagos

Keraminés medziagos (HT) gaminamos i$ dirbtinai sukurty medziagy, kuriy
pagrinda sudaro oksidai, druskos ir kt. cheminiai junginiai (Ettelt, Gittel, 2004;
Astakhov, Davim, 2008; Zhu ir kt., 2017). Irankiams gaminti dazniausiai naudojama
baltoji aliuminio oksido (Al,O3) bei juodoji aliuminio oksido (Al>O3) ir titano karbido
(TiC) keramika (Astakhov, Davim, 2008; Gogolewski ir kt., 2009; Zhu ir kt., 2017a;
Wei ir kt., 2018). Taip pat silicio nitrido (SizN4) pagrindu pagaminta keraminé
medziaga — silinitas. Juodosios keramikos kietumas btina 92-94 HRA, o silinito — 94—
96 HRA (Astakhov, Davim, 2008).

Irankiy asmenys, kurie naudojami jvairioms medienos plokstéms ir plastikams
apdirbti, gaminami ir i§ kermety (Cermet) (Zhu ir kt., 2017a; Zhu ir kt., 2017b; Wei
ir kt., 2018). Tam dazniausiai naudojamos titano karbido (TiC) ir titano nitrido (TiN)
dalelés, sujungtos nikelio molibdeno lydiniu. Kermetai yra tankds, termiskai atsparts,
stipriis aukStose temperattirose, tampris, atsparts dilimui ir korozijai. Kermetams
gaminti naudojami oksidai, nitridai, karbidai, boridai, silicidai ir metalai (Astakhov,
2008).

Keraminiy medziagy plokstelés lituojamos prie diskiniy pjukly, vientisy
maunamyjy bei kotiniy frezy ir smulkintuvy korpusy, kurie naudojami jvairioms
medienos medziagoms ir plastikams apdirbti (Zhu ir kt., 2017a; Wei ir kt., 2018).

1.3.6. Polikristalinis deimantas

Polikristalinis deimantas (PCD) yra sintetiné medziaga, kuria sudaro deimanto
kristalai (apie 90 proc.), 1450 °C temperatiiroje ir 60 000 bar slégyje sukepinti su
legiravimo elementais (Astakhov, Davim, 2008). Kristaly grudeliy dydziui didéjant
nuo 2 iki 25 um, legiravimo elementy kiekis gali mazéti nuo 14 iki 6 proc. PCD
kietumas siekia 3500-8000 HV. PCD plokstelés — aSmenys, dazniausiai prilituojamos
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prie kietlydinio ploksteliy, kurios jau btina prilituotos prie jrankio korpuso. Galutine
PCD asmeny geometriné forma ir matmenys suformuojami elektroeroziniu pjaustymo
arba Slifavimo biidu. PCD aSmenims suteikiamas ne mazesnis kaip 60-70°
nusmailinimo kampas (Leitz, 2015).

Jrankiai su PCD aSmenimis naudojami apdirbant jvairaus tankio medienos
droZzles, medienos plausy plokstes ir kitas klijuotas ar presuotas medienos medziagas
bei kompozitus (Miklaszewski ir kt., 2000; Bai ir kt. 2002; Bai ir kt. 2004; Boucher
ir kt., 2007; Leitz, 2015; Leuco, 2015). Sios medziagos pasizymi vienalyte struktira.
PCD jrankiy nerekomenduojama naudoti apdirbant Sakotg masyvigja medieng. Dél
apdirbamos medziagos struktiiros staigiy poky¢iy PCD asmenys iStrupa.

1.3.7. Monokristaliniai deimantai

Medienos kompozitams ir plastikams apdirbti naudojami jrankiai su
monokristalinio deimanto (MCD) aSmenimis. [rankiy aSmenims gaminti naudojami
sintetiniai deimantai: elboras P, belboras ir heksanitas P. Elboras P ir belboras
gaunami sintezés biidu i$ heksagoninio boro nitrido. Heksanitas P gaunamas sintezés
btdu i$ viurctitinés boro karbido modifikacijos. Elboro monokristaly dydis siekia
300-600 pm, o mikrokietumas 78—79 Gpa (Ettelt, Gittel, 2004).

Siekiant padidinti jrankiy atsparuma dilimui, aSmenys padengiami sintetinio
deimanto danga. MCD dangomis cheminio gary nusodinimo (CVD) metodu
padengiami jvairiy aSmeny pavirsiai. ASmenys, pagaminti i§ kietlydiniy, dazniausia
padengiami heksanitu P (Ettelt, Gittel, 2004).

1.3.8. Dangos

Kietosios plévelés pavidalo dangos pradétos naudoti pries 30 mety, pirmiausia
metaly apdirbimo pramonéje. Dangos padidina pavir§iy kietj ir atsparuma
abrazyviniam bei adhezyviniam dilimui, sumazina slydimo trinties jégas tarp jrankio
aSmeny pavirsiy ir drozlés, apsaugo kontaktinj pavirSiy nuo adhezijos, sumazina
temperatiira, kuri iSsiskiria dél trinties tarp drozlés ir jrankio aSmeny, sumazina |
jrankj nutekancios Silumos kiekj, padidina atsparuma korozijai ir oksidacijai; padidina
atsparuma dilimui, pagerina apdirbty pavirsiy kokybe (Leitz, 2015).

Siuo metu apie 50 proc. HS, apie 85 proc. kietlydiniy ir apie 40 proc. PCD, i§
kuriy pagaminti jrankiy a$menys, yra padengiami jvairiomis dangomis. Siomis
dangomis, taikant jvairius rezimus, fizinio (PVD) arba cheminio (CVD) nusodinimo
i$ gary fazés metodais padengiamas visas jrankis ar specialiai paruosti aSmenys (Leitz,
2015; Leuco, 2015, Oertli, 2015). Naudojamos vienasluoksnés ir daugiasluoksnés
dangos (1.3.3 pav.). Daugiasluoksniy dangy sluoksniai gali biiti jvairiy storiy ir
formuojami i§ skirtingos cheminés sudéties medziagy. Taip gaunamos geresnés
fizikinés-mechaninés dangy savybés (Pinheiro ir kt., 2009; Leitz, 2015; Leuco, 2015).

Metaly ir medienos apdirbimo jrankiy aSmenims padengti naudojamos keturios
dangy grupés. Pirmai ir placiausiai taikomai grupei priskiriamos TiN, TiC ir Ti(C, N)
dangos, sukurtos Ti pagrindu. Sios grupés dangy metaling fazé daznai papildoma
kitais metalais, pavyzdziui, Al ir Cr, kurie padidina kietumg ir atsparuma oksidacijai
(Sheikh-Ahmad ir kt., 2003; Darmawan ir kt., 2008; Gilewicz ir kt., 2010; Kanefusa,
2015; Leitz, 2015; Zhu ir kt., 2017a). Antroji grupé — tai keraminés Al,Os dangos
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(Astakhov, Davim, 2008). Trecioji grup¢ — tai ypac kietos deimantinés dangos, kurios
dengiamos CVD biidu (Kaczorowski ir kt., 2012; Leitz, 2015). Ketvirtoji grupé — tai
trint] mazinancios dangos. Pla¢iausiai naudojama amorfinio metalo — anglies danga,
minkstoji MoS, danga arba grynasis grafitas, nusodintas ant kitos kietesnés dangos
(Kuleshov ir kt.,2014).

TiN TiC weie

TikIN

a o) C d =

1.3.3 pav. Dangy tipai:
a — vienasluoksne; b — gradienting; ¢ — daugiasluoksné; d — nanosluoksniy;
e — kietojo / minkstojo sluoksniy (Astakhov, Davim, 2008)

Karbidy pavir§iams formuoti naudojamos vienasluoksnés arba daugiasluoksnés
dangos (Astakhov, Davim, 2008; Gilewicz ir kt., 2010; Fahrussiam ir kt. 2016).

TiN, TiN(C, N), (Ti, ADN ir CrN dangomis dengiama PVD bidu (Gilewicz ir
kt., 2010; Pancielejko ir kt., 2012).

1.4. Medienos pjovimo jrankiy dilimas

Medienos pjovimo jrankiai dyla veikiant jéginiams, Siluminiams, elektriniams
ir cheminiams veiksniams, dél kuriy jtakos sumazgja jrankiy masé bei pakinta
geometriniai parametrai (Porankiewicz ir kt., 2008; Pamfilov, Prozorov, 2012;
Horman ir kt., 2014). Jrankiui dylant, jis Simpa, sumazéja jo darbo geba, o po tam
tikro laiko toks jrankis netinkamas naudoti. [rankio darbo geba yra jvertinama
darbinés dalies iSilgine ir skersine geometrija (Abele, Mion¢inskis, 2012; Darmawan
ir kt., 2012; Laszewicz ir kt., 2013; Kuleshov ir kt., 2014; Palubicki ir kt., 2014;
Pamfilov ir kt., 2014; Tratar ir kt., 2014: Ghosh ir kt., 2015).

Priklausomai nuo jrankio eksploatacijos salygy, jo geometriniy parametry
kitimo dinamika jvairiose aSmeny zonos vietose gali biiti jvairi (Csanady, Magoss,
2013; Gilewicz ir kt., 2013; Palubicki ir kt., 2014; Aguilera ir kt., 2016a).
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1.4.1. Pjovimo jrankiy aSmeny dilimo mechanizmas

Pjovimo jrankio aSmeny dilimas priklauso nuo iSoriniy salygy ir iSoriniy
veiksniy, kurie veikia jo darbinius pavirius. Sios salygos néra pastovios ir kinta per
visg jrankio eksploatacijos laikotarpj. Jos kinta ir vieno pjovimo ciklo metu ir per visg
atSipimo periodg. Dél $iy priezas¢iy pjovimo jrankiy dilimo mechanizmas yra
sudétingas procesas. Todél jrankio dilimas gali biti tolygus arba jgauti
mikroiStrupéjimy formag (Gilewicz ir kt., 2010; Warcholinski ir kt., 2011;
Warcholinski, Gilewicz, 2011; Darmawan ir kt., 2012b; Pancielejko ir kt., 2012).

Pagal dilimo dinamikg (1.4.1 pav.) pjovimo jrankio dilimo periodas skirstomas
] tris etapus (stadijas): pradinj, monotoninj ir avarinj (Cristovao ir kt., 2011; Csanady,
Magoss, 2013). Daugiausia tirti pirmieji du etapai, o treciasis etapas tyrinétas maziau
(Porankiewicz ir kt., 2005; Porankiewicz, 2006).

Jrankis intensyviai

A dyla pirmajame pradinio
dilimo etape. Kai kurie

A I I tyréjai §j etapg dar vadina

g e pradiniu (idirbiniu)
g B i |~ (Porankiewicz ir  kt.,
B / 2005; Porankiewicz,
= 2006; Cristovao, ir kt.,
El /™~ 2011; Csanady, Magoss,
A/ Dilimas istrupant 201 3) Siame etape
Darbo trukmé Ll (I —periodas 1.4.1 pav.)

aSmeny dilimas

1.4.1 pav. Pjovimo jrankio dilimo etapai:

I — pradinis; II — monotoninis; III — avarinis (Zotov, fie.luglau813 }/r%. trap aus
Pamfilov, 1991) irimo  pobudzio.  Sis

dilimas susijes su
jtrikimais, esanciais arti pjovimo briaunos. Prie§ pradedant dirbti jrankio pavirSiuje
btina jtrukimy, kurie susidaro po netinkamo terminio apdorojimo arba galandimo.
Irankiui dirbant, veikiant pjovimo bei trinties jégoms, susidaro jtempiy koncentracijos
zidiniai, kurie skatina jtrukimy atsiradimg. Tuo pat metu pastebimas désningas
priekinio ir uzpakalinio pavirSiy dilimas, taciau jo ,,indélis* | bendrg dilimg Siame
eksploatacijos etape yra nedidelis. Pradinis jrankio dilimas sudaro 40—60 proc. viso
jrankio nudilimo, o jo trukmé sudaro 5-10 proc. visos darbo trukmés.

Pasibaigus intensyviam dilimui iStrupant, jrankio dilimo procesas palaipsniui
pereina | monotoninj (// —periodas 1.4.1 pav.). Kai kurie tyréjai §j etapa vadina
nusistov¢jusiu arba tolygiuoju dilimu (Csanady, Magoss, 2013). Literatiiros
Saltiniuose jrankio tolygus dilimas aiskinamas kaip procesy kompleksas, apimantis
jvairiais deriniais mechaninj dispergavima, elektrochemine korozija, elektring erozija,
abrazyvinio, Siluminio ir cheminio dilimo atvejus (Gauvent ir kt., 2006; Porankiewicz,
2006; Porankiewicz ir kt., 2006; Porankiewicz ir kt., 2008a; Winkelmann ir kt., 2009;
Horman ir kt., 2014).

G. A. Zotov ir E. A. Pamfilov (1991) mechaninj dispergavima aiskina kaip
pavirsiaus irimg dél nuovargio ir laiko ji vyraujan¢iu (dominuojanéiu) procesu, kurio
intensyvumas priklauso nuo veikian¢iy jégy ir trinties koeficiento dydziy. Ivairis
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tyr¢jai teigia, kad, pjaunant medienos plastikus, gali vystytis abrazyvinis dilimas. Tokj
dilimg lemia kontakto zonoje esantys klijy sluoksniai, kristaliniy medziagy
impregnantai ir kitos medziagos (Porankiewicz ir kt., 2015; Szwajka, Trzepiecinski,
2016). Daugelis autoriy teigia, kad tolygy dilimg nulemia darbo reZimas,
pjaunamosios dalies geometrija, jrankiniy medziagy savybés, apdirbamos medienos
rusis, jos fizikinés-cheminés savybés, drégnis, pjovimo kryptis pagal medienos
pluosta ir kiti veiksniai (Porankiewicz ir kt., 2008b; Winkelmann ir kt., 2009; Horman
ir kt., 2014).

Irankiy medziaga gali trupéti, jeigu jrankis eksploatuojamas nepalankiomis
salygomis. Prie Siy sglygy priskiriama erdviné jtemptumo biiklé, dinaminés apkrovos,
zemos temperatiiros, aktyviy terpiy jtaka ir kiti veiksniai (Ghosh ir kt., 2015; Siklienka
ir kt., 2015). Sios nepalankios salygos gali bati trumpalaikés arba veikti viso
patvarumo periodo metu.

Jau minéty dilimo periody trukmé priklauso nuo apdirbamy ir jrankiniy
medziagy, apdirbimo procesy rezimy, taip pat pjovimo jrankio asmeny medZziagos
prisotinimo azoto, vandenilio, deguonies ir kity cheminiy elementy (Porankiewicz,
Chamot, 2005: Pamfilov ir kt., 2014). Minéti elementai i§ esmés keiCia jrankiy
medziagy fizikines-mechanines savybes ir jy atsparuma dilimui (Pamfilov ir kt.,
2014).

Daugelis tyre¢jy, tirdami pjovimo jrankio dilimg iStrupant, nustaté, kad Sis
dilimas vyksta dél nepertraukiamy aSmeny mikrolizimy (iStrupéjimy), kurie
atsiranda, jeigu jrankio eksploatacijos procese veikiantys jtempimai virSija jrankio
medziagos stiprumo riba (Pamfilov ir kt., 2014). Virsijus stiprumo riba, prasideda
trapusis irimas. IStrupéjimy dydis priklauso nuo pjovimo rezimo, medienos kietumo,
jrankio nusmailinimo kampo ir kity veiksniy (Pamfilov ir kt., 2014) . IStrupéjimai
intensyvis pjaunant Sakotg ir gerbéta medieng. Pastebéta, kad pirmiausia susidaro
mazi iStrupéjimai ir jtrikimai, po to atsiranda kiti, didesniy matmeny, kurie
persidengia su pirmiau atsiradusiais. Pastebéti atvejai, kai pradiniame etape astriis
aSmenys tolygiai lizingja per visa ilgj. Deformacijos tik paskatina aSmeny dilimga.

Pjovimo briaunos istrup¢jimams didele jtaka turi temperatiiriniai darbo rezimai
(Horman ir kt., 2014; Hernandez ir kt., 2014b). Apdirbant jSalusiag medieng Zemose
temperatirose, jrankiai praranda darbinguma. Nustatyta, kad Ziema jSalusiag mediena
apdirbti be atitirpinimo nerekomenduojama, nes Zemose temperatirose jrankis dyla
iStrupédamas, o i8dilimo intensyvumas spartéja didinant pjovimo greitj (Ghosh ir kt.,
2015; Siklienka ir kt., 2015).

Daznai plieniniy jrankiy dilimg sukelia plastiné aSmeny deformacija
(Porankiewicz ir kt., 2006; Porankiewicz ir kt., 2008). Sie rezultatai parodo, kad
jrankis nekokybiskai paruoStas darbui. Tai gali biiti: netinkamas terminis
apdorojamas, kurio metu nepasiektas reikiamas jrankio kietumas; galandimo metu,
nesilaikant rezimo salygy, ivyko uzgriidinto plieno atleidimas; pjovimo metu jvyko
neleistinas aSmeny perkaitinimas (Porankiewicz ir kt., 2006; Porankiewicz ir kt.,
2008a).

Didelj poveikj jvairioms dilimo formoms ir aSmeny patvarumui turi jrankio
medziagos struktira ir savybés. Nustatyta, kad pjovikliy, pagaminty i§ X12 ir X12d1
plieny, aSmeny iStrup¢jimas vyksta pagal karbidus, kurie labiausiai priartéje prie
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pjovimo briaunos. D¢l Sios priezasties ant aSmeny atsiranda jtrikimai ir padidé¢ja
dilimo iStrupant intensyvumas.

Apdirbant medieng jrankiais, pagamintais i§ plieny, turin¢iy dviejy faziy
struktiirg, pastebétas didesnis §iy jrankiy patvarumas, kai plieno struktiira
smulkiagriidé ir néra iStisinio karbidy tinklelio. Stambiis karbidai metalo struktiirg
veikia neigiamai, kadangi jy dydis sutampa su atsirandanciais mikroiStrupéjimais.
Esant nepalankiam karbidy iSsidéstymui, kai susidaro karbidy juostos, asmeny
atsparumas iStrup¢jimams smarkiai sumazéja. Nustatyta, kad tai ty plieny pjovikliy
aSmenys, kuriuose karbidy dydis didesnis kaip 10 pum, ir ypac tuomet, kai jie i$sidéste
grandinémis pacioje briaunoje ar arti jos.

Tipas II Tipas 111

1.4.2 pav. Plysio atsiradimo rasys (Zotov, Pamfilov, 1.4.3 pav. Medienos pjovimo

1991) irankiy aSmenyse susidaranciy
mikroplysiy tipai (Zotov, Pamfilov,
1991)

Pjovimo briaunos dilimas iStrupant — tai jrankiy medziagos irimas dél
mikrojtrikimy, atsiradusiy prie§ eksploatacijg artimiausiose zonose, esanciose Salia
pjovimo briaunos. Taip pat tai gali buiti ir medziagos nuovargio ar atsitiktiniy perkrovy
pasekmé. Kai mikrojtrikimai pasiekia ribing biisena, pradeda atsiskirti dilimo
produktai. Sios ribinés bisenos susidarymo salygos gali biiti nustatomos naudojant
linijinés irimo mechanikos principus. Remiantis Siais principais, bandiniuose su
jtrikimais susidaro erdvine (daugiaasé) jtemptumo biiklé su lokalinémis zonomis,
kuriose labai dideli tempimo jtempiai. Sie jtempiai susidaro dél jtrikimy ir ertmiy.
Itrikimo vietoje jrankio medziagos proporcingumo riba pasiekiama prie salyginai
zemo faktiniy jtempimy lygio. Itempiai veikia aSmenyse, t.y. pjovimo pleiste.
Itrikimo vietoje jtempiy biiseng lemia apkrovos pobidis ir jtrukimy iSsidéstymo
schema.

Itrikimas medziagoje atsir anda trimis biidais (1.4.2 pav.). Esant normaliems
jtempiams, atsir anda / tipo jtrikimas. Jis susidaro jtriikimo krastams persislenkant
i8ilgai vienoje plokstumoje, bet  skirtingas kryptis. Esant plok$¢iam persislinkimui
susidaro /7 tipo persislenkantis jtriikimas. Krasty persistimimas vyksta jtrakimo
plokstumoje skersai jos frontalinés linijos. Itriikimas ,,pjavis®, arba //] tipas, susidaro,
kai perstimimas néra plokStuminis.

Medienos pjovimo jrankiams budingi / ir /I/ tipo (1.4.3 pav.) jtriikimai. / tipas
budingas jtrikimams, esantiems lygiagreciai su pjovimo briauna. /[ tipas budingas
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jitrikimams skersai pjovimo briaunos. /] tipo jtrukimy atsiradima lemia netolygus
pjovimo briaunos apkrovimas pagal ilgj. Tai susij¢ su netolygiu pjovimo jégos
pasiskirstymu, asmeny formos paklaidomis ir apdirbamos medziagos nestabilumo
savybémis.

1.4.2. Siluminiai ir temperatiiriniai rei$kiniai

Pjovimo proceso metu atsiranda teigiamo ir neigiamo intensyvumo Silumos
Saltiniy (Csanady, Magoss, 2013; Horman ir kt., 2014).

Teigiamo intensyvumo Silumos Saltiniai atsiranda dél dviejy priezasciy:
apdirbamos medziagos deformavimo energijos ir trinties jégos tarp pjovimo jrankio,
drozlés ir apdirbtojo pavirSiaus (Ratnasingam ir kt., 2010; Csanady, Magoss, 2013;
Horman ir kt., 2014).

Prie neigiamo intensyvumo Silumos $altiniy, kuriems veikiant Siluma nuteka
nuo pjovimo jrankio, priskiriami: Silumos laidumas nuo aSmeny | jrankio korpusa,
Silumos perdavimas j drozle ir apdirbama medziaga bei konvekciniai Silumos mainai
su aplinkos oru (Ratnasingam ir kt., 2010; Csanady, Magoss, 2013; Horman ir kt.,
2014).

Esant atviriesiems pjovimo procesams (lukStenimui, tekinimui, drozimui,
cilindriniam frezavimui (obliavimui), visus Silumos Saltinius galima traktuoti kaip
ploksciuosius, vykstancius plokStumoje (dvimatéje sistemoje), todél jy fizikiné-
Siluminé analizé nesudétinga (Ratnasingam ir kt., 2010).

Vykstant uzdariems pjovimo procesams (grezimui, lizdy frezavimui ir visiems
pjaustymo atvejams), visi Siluminiai Saltiniai analizuojami erdvéje (trimatéje
sistemoje), kur jvertinami ir papildomi Silumos Saltiniai: dél trinties tarp drozlés ir
apdirbto pavirSiaus bei dél trinties tarp drozlés ir tarpdantés (ar grazto grioveliy)
(Csanady, Magoss, 2013).

Pagal veikimo trukme Silumos Saltiniai btina ilgalaikiai ir periodiniai (Csanady,
Magoss, 2013).

Prie ilgalaikiy Saltiniy priskiriami tokie, kuriems veikiant vyksta nusistovéje
Silumos mainai. Tai biidinga luksStenimui, grezimui, iSilginiam ilgy ruosSiniy tekinimui
(Ratnasingam ir kt., 2010).

Prie periodiniy $altiniy priskiriami tokie, kuriems vykstant Silumos i$siskyrimo
trukme praktiskai sutampa su dviejy gretimy impulsy trukme. Tai biidinga frezavimo,
pjaustymo ir droZimo procesams.

Kadangi mediena ir medienos medziagos yra menko Silumos laidumo, todél jas
pjaunant visa deformacijos $iluma nuteka j drozle¢ (Ratnasingam ir kt., 2010; Horman
ir kt., 2014). Esant dideliam pjovimo grei¢iui, drozlé¢ su asmenimis kontaktuoja
trumpai, todél deformacijos $iluma nesuspéja paplisti gaminyje. Silumos mainai tarp
drozlés, priekinio aSmeny pavirSiaus, gaminio ir uzpakalinio pavir§iaus yra nedideli
(Horman ir kt., 2014). Atlikus tyrimus nustatyta, kad, didéjant trinties jégoms, aSmeny
temperattra did¢ja (Porankiewicz ir kt., 2016).

Did¢jant pjovimo jrankio medziagos Siluminiam laidumui ir nusmailinimo
kampui, asmeny temperatiira mazéja. Pjovimo proceso periodiSkumas smarkiai
sumazina temperatiirg, taciau atsiranda cikliniai temperatiiriniai aSmeny jtempiai
(Ratnasingam ir kt., 2010).
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1.4.3. Elektrocheminiai reiSkiniai

Pjaunant mediena, suaktyvéja reiSkiniai, susij¢ su jos cheminémis ir
pjezoelektrinémis savybémis. Pjovimo zonoje susidaro auk$ta temperattra, kuri
skatina skystosios fazés iSsiskyrimg i§ apdirbamos medziagos ir triboelektros
atsiradimg. Pjovimo zonoje gali vykti jvairlis tribotechniniai, elektriniai,
elektrocheminiai procesai, kurie turi svarbig jtakg jrankio patvarumui (Porankiewicz,
Chamot, 2005; Porankiewicz ir kt., 2008).

Pjovimo proceso metu veikiant oro deguoniui, ant jrankio aSmeny pavirsiy
susidaro 0,2—1,0 um storio oksido plévelés. PavirSiy oksidacijos procesas
suintensyvéja veikiant aukS$toms temperatiroms. Tuomet padidéja metalo
plastiskumas, susidaro salygos greitesniems difuzijos procesams. Taip pat jvyksta
jrankio medziagos atskiry strukttiry cheminis i$ésdinimas (Pamfilov, Prozorov, 2012;
Pamfilov ir kt., 2014).

Cheminése ir elektrocheminése reakcijose, vykstanciose pjovimo jrankio ir
apdirbamos medziagos kontakto zonose, dalyvauja medienos mechaninés ir terminés
destrukcijos produktai (Porankiewicz, Chamot, 2005; Porankiewicz ir kt., 2008).

Vykstant medienos (polimero) mechaninei destrukcijai, atsiranda laisvieji
radikalai, kurie turi ypatybe jungtis su jrankio medziaga. Taip susidaro cheminiai
junginiai, kurie silpnai susijunge su metaliniu pavirSiumi ir lengvai paSalinami i§
trinties zonos kaip dilimo produktai (Porankiewicz, Chamot, 2005; Porankiewicz ir
kt., 2008).

Termodestrukcijos proceso metu susidaro dujos, vandens garai ir lakiosios
organinés rugstys (skruzdéliy ir acto) (Zotov, Pamfilov, 1991). A. V. Moiseev (1981)
nustaté termodestrukcijos medziagy sudeétj, jy aktyvumg ir poveikj jrankio medziagai.
Veikiant termodestrukcijos medziagoms, vyksta pjovimo jrankio korozijos procesas
(Gauvent ir kt., 2006; Winkelmann et. al., 2009). Vykstant koroziniams pazeidimams,
pjovimo jrankio asmeny zonoje susidaro mikrojtrikimai, kurie yra trapaus irimo
Saltiniai. Pjovimo proceso metu biidinga netolygi korozija, kuri pristabdo jrankio
aSmeny trapyjj irimg (Pamfilov ir kt., 2014).

Pjovimo proceso metu jsielektrina pjoviklio ir apdirbamos medziagos pavirsiai.
E. G. Ivanovski ir kt. (1971) nustaté, kad, susidarant naujiems pavirSiams medienoje,
nutriksta molekuliniai rys$iai ir atsiskyrimo pavir§iuose susidaro elektriniai kriiviai.
Teigiamo ir neigiamo krivio susidarymo kiekvienoje molekuléje tikimybé yra
vienoda. Todél susidaro daugybé jelektrinty tasky su atsitiktiniy kriiviy pasiskirstymu.
Skirtingy zenkly elektriniai kriiviai taip pat susidaro ir ant pjoviklio pavirsiy. Sie
kriiviai juda pjoviklio pavirS§iumi kartu su drozle arba apdirbtu pavirSiumi. Taciau
kiekvienas kriivis yra labai mazas, ir jo veikimas gali biiti pastebimas tiktai susikaupus
pakankamam elektros kiekiui (Ivanovski ir kt., 1971).

Deformuojant medieng susidaro pjezokriiviai, kuriy dydis ir Zenklas priklauso
nuo medienos deformavimo krypties ir jégos. Pjoviklio pavirSiuose susidaro priesingo
zenklo kriiviai. Todél sistema ,,apdirbama medziaga — pjovimo jrankis* veikia kaip
kondensatorius. Pjezo krivio dydis mazéja, tolstant nuo aSmeny zonos. Jeigu pjezo
krivis nesumazéja iki nulinés vertés, tuomet, drozlei atsiskyrus nuo priekinio
pavirsiaus, susidaro kibirkstis (Ivanovski ir kt., 1971).
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Besitrinant pjovikliui su apdirbama mediena, susidaro tribokraviai, kuriy dydis
priklauso nuo medienos savybiy, slégio kontakto vietoje, slydimo greicio ir slydimo
kelio (Porankiewicz, Chamot, 2005). Sie kriiviai didéja nuo agmeny iki kontakto su
mediena pabaigos, t.y. didéjant trinties keliui. Kibirksties susidarymo tikimybé yra
didesné, palyginti su pjezokriiviy susidarymo procesu. Sumuojantis pjezo- ir
tribokriiviams, trinties pavirSiuose susidaro neutralizacijos srovés ir kibirkstinés
iSkrovos (Ivanovski ir kt., 1971).

Bandymais nustatyta, kad, pjaunant sausg berzo medieng, drozl¢ turi neigiama
kriiv, o pjoviklis teigiamg. Kibirkstiniy kriiviy susidarymas mazina pjovimo jrankio
patvarumg. Pjovimo proceso metu tenka juos slopinti. Tam pjovimo zonoje yra
sudaromas vandens ar tepalo riikas arba jonizuojamas oras (Ivanovski ir kt., 1971).

Pjovimo proceso metu kartu su elektriniais reiSkiniais vyksta sudétingi
elektrocheminiai procesai. Apdirbant drégng mediena, tarp pjoviklio ir apdirbamos
medZziagos pavirsiy, veikiant pjovimo slégiui, iSsiskiria drégmé. Drégmé yra geras
elektros laidininkas. Taciau $i drégmé yra padidéjusio rugstingumo, todél tarp
pjovimo jrankio medziagos ir apdirbamos medziagos vyksta elektrocheminé reakcija
(Ivanovski ir kt., 1971).

Elektrocheminéms reakcijoms, vykstan¢ioms pjovimo proceso metu, biidinga
tai, kad elektrolitas nuolat atsinaujina. Tod¢l elektrocheminiy procesy greitis padidéja.
Taip pat yra nustatyta, kad pjaunant medieng pjovimo jrankio medziaga prisisotina
dujiniy medziagy: vandenilio, deguonies, azoto. [rankio patvarumui didZiausig jtaka
turi vandenilis.

Plienui prisisotinant vandenilio, laisvasis vandenilis reaguoja su gelezies
karbidu (FesC) (Porankiewicz, Chamot, 2005; Pamfilov ir kt., 2014). Vykstant Siai
reakcijai, kuri prasideda 240-330°C temperatiiroje, cementitas virsta
smulkiadispersiu feritu, susidarant metano dujoms. Sumazéjus karbidy koncentracijai
pliene, silpnéja jo mechaninés charakteristikos, kartu ir atsparumas dilimui.
Susidariusios metano dujos nedifunduoja per metalo gardele. D¢l Sios priezasties
metalo viduje susidaro tustumos, dél kuriy jrankis gali sutriikinéti (Pamfilov ir kt.,
2014).

Vandeniliui sgveikaujant su oksido plévelémis, apsauganciomis metalg nuo
frikciniy pazeidimy, jos suyra, ir jrankio dilimas pagreitéja. Todél, padidinus pjovimo
jrankio pavirSiniy sluoksniy pasiprieSinimg vandenilio difuzijai, galima padidinti
pjovimo jrankio patvaruma (Pamfilov ir kt., 2014; Porankiewicz, Chamot, 2005).

Isivandenilinimo procesa lemia jrankio aSmeny medziagos kietumas,
jtemptumo buklé, geometrinis ir struktiirinis vientisumas, pavirSiy SiurkStumas
(Pamfilov ir kt., 2014).

Visy procesy, vykstanciy pjovimo jrankio pavirSiniuose sluoksniuose, analizé
parodé, kad tribocheminés ir elektrocheminés reakcijos yra svarbiis veiksniai,
skatinantys jrankio aSmeny patvarumg (Pamfilov ir kt., 2014).
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1.4.4. Pjovimo jrankiy pavirSiniy sluoksniy medZiagos cheminé sudétis,
struktiira ir fizikinés-mechaninés savybés

Jrankiy atsparumui dilimui svarbig jtakg turi aSmeny pavirSiniy sluoksniy
fizikingé buklé. Si buklé apibiidinama Siais veiksniais: fizikinémis-cheminémis
savybémis, SiurkStumu, banguotumu, jtemptumo rodikliais, jrankio medZiagos
struktira. PavirSinio sluoksnio, kuriame vyksta dilimo procesas, gylis ir sudétis
priklauso nuo pagrindinés medziagos strukttros, apdirbimo biuido ir rezimo bei
pjovimo jrankio ir apdirbamos medZziagos kontakto salyguy (Zotov, Pamfilov, 1991;
Csanady, 2005; Pamfilov ir kt., 2014).

Pjovimo jrankio pavirSiaus sluoksniy cheminé sudétis, struktira ir fizikinés-
mechaninés savybés, kurios nulemia jrankio patvaruma, priklauso nuo medziagos
cheminés sudéties ir terminio apdorojimo biido bei rezimo (Zotov, Pamfilov, 1991;
Kowaluk ir kt., 2009; Darmawan ir kt., 2012a; Abele, Mion¢inskis 2012; Pamfilov ir
kt., 2014).

Plieno pavirsinio sluoksnio struktiiros fizikines-mechanines savybes galima
pagerinti parenkant tinkamus terminio ir terminio-cheminio apdorojimo bidus ir
rezimus bei dengiant dangomis (Csanady, 2005; Astakhov, 2008). Medziagy savybés
ir atsparumas dilimui priklauso nuo medziagos struktiiros. [rankiy plieny struktiirg
sudaro martensito, karbidy ir lickamojo austenito derinys. Sios struktiirinés
dedamosios i$ esmés skiriasi savo savybémis. Keiciant §iy dedamyjy santykij jrankio
pavirSiniuose sluoksniuose, galima keisti jrankio patvarumo savybes (Csanady,
2005).

Martensitas yra pagrindiné daugelio jrankiy plieno struktiiriné dedamoji,
pasizyminti didziausiu kietumu. Martensito kietumg nulemia anglies kiekis jame
(Ettelt, Gittel, 2004). Atsparumas karS¢iui ir Siluminis laidumas priklauso nuo anglies
ir legiravimo elementy kiekio. Stiprumas ir tagsumas priklauso nuo martensito kristaly
dydzio, jtempimy, kurie skatina martensito virsmus bei karbidy iSsiskyrimg
griidinimo ir atleidimo metu.

Legiravimo elementai neturi jtakos martensito kietumui. Kai atleidimo
temperatiira nuo 400 iki 600 °C, karbidy susidaryma skatina volframas, molibdenas,
vanadis ir kiek maziau chromas. ISsiskirdami i§ martensito ir sudarydami specialius
karbidus, jie sukelia dispersinj kietéjima ir padidina kietuma. Sios biisenos martensito
adaty kietis siekia nuo 500 iki 650 HV, o plieno kietumas gali baiti nuo 900 iki
1100 HV (66-71 HRC).

Karbidinés fazés yra daugelio jrankiy plieny charakteringosios dedamosios.
Kar$c¢iui atspariuose plienuose, juos atleidziant, i§ martensito iSsiskirianti dalis
karbidy sukelia dispersinj kietéjima.

Neigiama karbidy jtaka smarkiai sustipréja, jeigu jie nevienodai pasiskirsto ir
sudaro stambius darinius. Ypac¢ sumazéja didelio kietumo plieno stipris, taciau
plienams, kuriy kietumas nuo 46 iki 56 HRC, §is poveikis ne toks ryskus.

Tasumas, palyginti su stiprumu, labiau priklauso nuo karbidy pasiskirstymo.
Karbidams iSsidéstant juostomis (4—6 balai), atsiranda mechaniniy savybiy
anizotropija, tod¢él metalo stiprumo ir tasumo vertés smarkiai skiriasi iSilgine ir
skersine kryptimi, mechaninés savybés skersine kryptimi daug blogesnés, palyginti
su isilgine.
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Greitapjovio plieno patvarumas, susidarant karbidy juostoms (25 balai),
mazéja. PasiprieSinimas kontaktiniam nuovargiui taip pat stipriai sumazéja.

Lickamasis austenitas licka griidinty plieny, kurie turi daugiau kaip 0,4—
0,5 proc. anglies.

Nedidelis lickamojo austenito kiekis (2-5 proc.) sumazina plieno
pasipriesinimg mazoms plastinéms deformacijoms. Liekamojo austenito kiekiui
padidéjus nuo 8 iki 10 proc., greitapjovio plieno jrankiy patvarumas sumazéja
(S¢ipanov, 1981).

Lickamasis austenitas gali padidinti tgsumg, tafiau dazniausiai tai
nekompensuoja stiprumo savybiy sumaz¢jimo. Jvertinus plieny cheming sudétj ir
struktiirg, norint pasiekti didelj pjovimo jrankiy patvaruma, butina vykdyti Zemiau
pateiktus nurodymus (S¢ipanov, 1981).

Jeigu jrankis patiria dideles smiigines apkrovas arba nusmailinimo kampas yra
labai mazas, tai, didinant patvarumg, svarbu padidinti plastiSkuma, bet iSsaugoti
pakankamg plieno stiprumg. Tai gali buiti pasiekta formuojant atleisto martensito arba
beinito struktiirg (Kowaluk ir kt., 2009).

Gaminant jrankius i§ karbidinés klasés legiruoty jrankiy plieny, biitina uztikrinti
tolygy karbidy pasiskirstyma ir didziausig dispersija. Naudojant poeutektoidinius
plienus, jei galima, biitina jrankio aSmeny krastuose formuoti smulkiagride struktiirg.
Pjovimo jrankio darbinés dalies kietumas turi biiti ne mazesnis kaip 58—-59 HRC.
Optimaliai struktiirai gauti rekomenduojami jvairis terminio apdirbimo bidai ir
rezimai.

1.5. Pjovimo jrankiy aSmenu iSdilimo ir at§ipimo vertinimas

B. E. Klamecki (1979) apzvelgé jvairiy autoriy paskelbtus darbus, susijusius su
medienos pjovimo jrankiy dilimu, ir pastebéjo, kad daugelis jy pjovimo jrankio dilimg
apraSo tomis paciomis charakteristikomis, tik skiriasi Zyméjimai.

Pjovimo jrankiui dylant per visg aSmeny kontakto su apdirbama medziaga plota,
keiciasi atSipimo kreivé — linija, kuri susidaro kertant aSmenis plokStuma, statmena
aSmeny virsiinei. Priklausomai nuo pjovimo salygy, gali i§dilti aSmenys, priekinis
arba uzpakalinis pavirSius. Visas atSipimo kreives galima suskirstyti j keturias formas.

Simetrinés formos kreivé (1.5.1 pav., a) buidinga pradinei darbo stadijai po
galandimo. Parametras, apibiidinantis Sig kreive, yra aSmeny suapvalinimo spindulys
(Zotov, Pamfilov, 1991; Csanady, Magoss, 2013).

Isdilimo kreivé (1.5.1 pav., b), kai uzpakaliniame pavirSiuje susidaro isdilimo
nuozulna, biidinga jrankiams, kuriais apdirbamos medienos medziagos (MDP, MDF,
MPP ir kitos). Isdilimo kreivé apraSoma asmeny suapvalinimo spinduliu, nuozulnos
ilgiu ir uzpakalinio kampo pokyciu (Zotov, Pamfilov, 1991; Csanady, Magoss, 2013).
Isdilimo kreivé, kai nuozulna susidaro priekiniame pavirSiuje (1.5.1 pav., c),
aprasoma a§meny suapvalinimo spinduliu, nuozulnos ilgiu priekiniame pavirSiuje ir
priekinio kampo poky¢iu. Si i§dilimo forma sutinkama ne viena atskirai, bet greta su
iSdilimu pagal uzpakalinj pavirSiy (Zotov, Pamfilov, 1991; Csanady, Magoss, 2013).

Isdilimo forma, kai priekiniame pavirSiuje susidaro jduba (1.5.1 d pav.),
sutinkama re¢iau. Si idilimo forma biidinga jrankiams, pagamintiems i§ iki

27



eutektoidiniy angliniy ir mazai legiruoty jrankiy plieny. Sios kreivés parametrai yra
jdubos ilgis ir gylis, nuoZzulnos ilgis ir aSmeny suapvalinimo spindulys.

dr

1.5.1 pav. I8dilimo kreivés: a — simetriné; b — su nuozulna pagal uzpakalinj pavirsiy; ¢ — su
nuozulna pagal priekinj pavirSiy; d — su jduba priekiniame pavirsiuje; e — su nuozulnomis
priekiniame ir uzpakaliniame pavirSiuose (Zotov, Pamfilov, 1991)

Be paminéty parametry (1.5.1 e pav.), dar naudojami: iSdilimo plotas F, aSmeny
plotis, aSmeny sutrumpéjimas nusmailinimo kampo pusiaukampinés kryptimi 4,
nusmailinimo kampo pusiaukampinés padéties pasikeitimo kampas ¢, iSdilimas pagal
uzpakalinj pavirsiy, iSdilimas pagal priekinj pavirsiy, aSmenimis deformuoto pjovimo
pavirsiaus dydis a (Zotov, Pamfilov, 1991).

E. M. Borovikow pasiiilé (1.5.2 pav.) matuoti aSmeny suapvalinimo spindulio
centro persislinkimo dydj e (Klamecki, 1979). Irankiui dylant pagal priekinj arba
uzpakalinj pavirsiy, kinta nusmailinimo kampas ir persislenka aSmeny suapvalinimo
spindulio centras (Klamecki, 1979).

B. Porankiewicz ir kt. (2005) tyr¢ HS pjovikliy dilima, kurj lemia jvairiy
medieny sudétyje esancios silicio dioksido (SiO») priemaisos, atsiradusios dél medziy
augimvieciy ypatumy. Tirdami pjoviklio aSmeny dilimg, autoriai matavo aSmeny
(1.5.3 pav.) sutrumpéjima pagal priekinj VBs ir uzpakalinj VBr pavirSius bei pagal
nusmailinimo kampo pusiaukamping VBy (Porankiewicz ir kt., 2005).

G. Kowaluk ir kt. (2009), tirdami jvairiy jrankiy a$menims naudojamy
greitapjoviy plieny (HS) ir kietlydiniy (HM) atsparumg dilimui, taip pat kokig jtaka
Siam procesui turi nusmailinimo kampas, asmeny biiklei aprasSyti pasirinko
sutrumpéjimg pagal priekinj pavirsiy.

H. Aknouche ir kiti tyréjai (2009) tyré pjoviklio dilimo jtaka pjovimo jégai.
Buvo frezuojami Allepo puSies ruoSiniai ir tam tikrose pjovimo kelio atkarpose
matuojamas asmeny plotis (1.5.4 pav.).

J. Gisip ir kt. (2009) tyré, kokig jtaka turi kotiniy frezy kreogeninis apdirbimas
ju atsparumui dilimui apdirbant MDF. Tyrimy metu buvo matuojamas kotiniy frezy
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iSdilimas pagal uzpakalinj pavir$iy (1.5.5 pav.). Nustatyta, kad kreogeniniu btadu
apdirbty frezy atsparumas dilimui yra didesnis nei neapdirbty.

1.5.2 pav. ASmeny dilimg aprasantys 1.5.3 pav. ASmeny dilima apraSantys

parametrai: o — priekinis kampas; parametrai: yr— priekinis kampas;
S —nusmailinimo kampas; y —uZpakalinis fy— nusmailinimo kampas; ar— uzpakalinis
kampas; 7 —pjaunanciosios  briaunos kampas; rr— asmeny spindulys,
spindulys, e — ekscentricitetas; F — pjovimo  VBg— sutrumpéjimas pagal priekinj

jéga; F, — pastimos jéga (Klamecki, 1979)  pavirsiy; VBr— sutrump¢jimas  pagal
uzpakalin] pavir§iy; VBy — sutrumpéjimas
nusmailinimo  kampo  pusiaukampinés
kryptimi (Porankiewicz ir kt., 2005)

K. Laszewicz ir kt. (2013) tyré kotiniy frezy dilimo jtakg frezavimo tikslumui,
t. y. apdirbimo paklaidoms, kai buvo frezuojami MDF ruo$iniai. Optiniu mikroskopu
buvo matuojamas frezos pjovikliy aSmeny sutrumpéjimas pusiaukampinés kryptimi
VBumax. Buvo nustatyta, kad, frezos pjovikliy aSmenims trumpéjant, mazéja ir frezos
pjovimo skersmuo. Ir tai neigiamai veikia apdirbimo tiksluma, kuris blogéja. Buvo
bandomas naujas kontrolés metodas, kuris kontroliuoty ir jvertinty jrankio dilimo
jitakg apdirbimo tikslumui, t. y. galimy matmeny ir formos paklaidy atsiradimui. Tam
buvo naudojama vaizdy fiksavimo ir apdorojimo sistema, kurig sudaro specialus
Sviesos Saltinis, fotoaparatas, personalinis kompiuteris ir CNC valdymo blokas,
valdantis frezavimo jtaisg (Laszewicz ir kt., 2013).

M. Zbiec (2011) tyré naujo metodo, kurj pavadino ,nervy tinklas“ (Neural
Network) veikimg. Buvo bandoma sukurti metoda, kai, nesustabdant jrenginio ir
tiesiogiai nematuojant jrankio iSdilimo parametry, ta¢iau matuojant kitus pjovimo
proceso parametrus, kurie tiesiogiai arba netiesiogiai susije su jrankio dilimu, biity
jvertinama jrankio asmeny biiklé. Tyrimo metu buvo matuojamos pjovimo jégos,
apdirbto pavirSiaus temperatira, suklio bei darbo stalo vibracijos, pjovimo bei
pastiimos mechanizmy galios pokyéiai. Sio metodo tikslas — nestabdant jrenginio ir
tiesiogiai optiniu ar kitu biidu nematuojant jrankio aSmeny i8dilimo, Kkitais
netiesioginiais biidais jvertinti jrankio ameny biikle ir sukurti sistema. Si jrankio
dilimg jvertinanti sistema turi biiti ne maziau tiksli, kaip ir tiesioginis matavimas, ir,
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be to, taupanti laika, kuris sugaiStamas taikant jprasting vertinimo sistema (Zbiec,
2011).

Clearance face
Observation direction

Vb = Measured wear criteria

Rake face

1.5.4 pav. ASmeny dilimg aprasantys parametrai: Rake 1.5.5pav. Kotiniy frezy
face — priekinis pavirsius; Clearance face —uzpakalinis aSmeny iSdilimas pagal
pavirsius; Vb — pjaunanciosios briaunos plotis uzpakalinj pavirsiy (Gisip ir
(Aknouche, 2009) kt., 2009)

G. Meltzer ir Yu. Ye. Ivanov (1998) savo darbe pristaté tyrimy rezultata, kaip
galima tiriant vibracijas jvertinti frezavimo jrankio dilima. Tyrimy metu buvo
frezuojami MDP ruosiniai. Irankiui dylant, didé€jo ir vibracijy daznis. Pagal vibracijy
daznj buvo galima jvertinti jrankio i§dilimg (Meltzer, Ivanov 1998).

R. Okai ir kt. (20006) tyré, kaip mineralinés dalelés (priemaisSos) veikia juostiniy
pjukly danty aSmeny dilima pjaunant jvairiy risiy medieng. Tyrimy metu buvo
matuojami jrankiy, pagaminty i§ greitapjovio plieno (HS) ir stelito (ST), danty
iSdilimai pagal priekinius ir uzpakalinius pavirSius. ASmeny iSdilimas buvo
matuojamas elektroniniu skenuojanciu mikroskopu (SEM) (Okai ir kt., 20006).

T. Morita ir kt. (1999) tyré trijy tipy pjovikliy korozinj dilimg, kai buvo
frezuojama drégna ir orasausé mediena. Tyrimy metu buvo naudojami kietlydinio
(HM) pjovikliai, nepadengti jokia danga, padengti 20 pum deimanto danga, ir
polikristalinio deimanto (PCD) pjovikliai. Taip pat frezavimo metu buvo matuojama
pjovimo galia. Tyrimy metu buvo tiriamas aSmeny sutrumpg¢jimas pagal priekinj
pavirsiy ir pjoviklio aSmeny iSilginés geometrijos poky¢iai (Morita ir kt.,1999).

J. Ratnasingam ir M. C. Perkins (1998) tyre kauc¢iukmedzio
(Heavea brasiliensis) masyviosios ir klijuotos sluoksniuotosios medienos (LVL)
jitaka 1§ kietlydinio (HM) pagaminty frezavimo jrankiy dilimui. Tyrimy metu buvo
matuojamas frezavimo jrankiy aSmeny sutrumpéjimas ir pjovimo galios pokyc¢iai.
Buvo nustatyta, kad, didéjant pjovimo grei¢iui (7,9; 9,9 ir 11,9 m/s), intensyvéja
aSmeny dilimas. Gauti rezultatai parodé, kad jrankiy asmeny dilimo intensyvumo
skirtumai, esant skirtingoms pjovimo grei¢io vertéms, didesni, kai apdirbama
masyvioji mediena. Apdirbant LVL, pjovimo greicio jtaka aSmeny dilimui tokia pati,
taCiau skiriasi pjovimo galios vertés, iSrySkéja didesni skirtumai (Ratnasingam,
Perkins, 1998).

W. Darmawan ir kt. (2009) tyré frezavimo jrankiy su sraigtiskais aSmenimis
atsparumg dilimui. PuSies bandiniai buvo frezuojami jrankiais, kuriy asmeny
sraigtiSkumo (jvijumo) kampas buvo 0°, 45°, 55°, 65°, 75° ir 85°. Tyrimy metu buvo
matuojamas pjovimo jrankiy aSmeny suapvalinimo spindulys, pjovimo galia,
triukSmo lygis, apdirbto medienos pavirsiaus ir jrankio aSmeny Siurk§tumas. Pjovimo
jrankio aSmeny suapvalinimo spindulio ir pavirSiaus SiurkS§tumo vertés nustatytos
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optiniu trimaciu pavirSiaus skenavimo prietaisu (MicroCAD GF Messtechnik
Teltow). Gauti rezultatai parodé, kad intensyviausiai pjovimo jrankis dyla, kai jo
aSmeny sraigtiSkumo kampas lygus 0°, o maZiausiai —kai 85°. Tac¢iau pjovimo galios
rezultatai parod¢, kad, did¢jant sraigtiSkumo kampui nuo 0° iki 85°, proporcingai
padidéja ir pjovimo galios vertés (Darmawan ir kt., 2009).

W. Darmawan ir kt. (2008) tyré P30 kietlydinio (HM) pjovikliy, nepadengty ir
padengty TiN danga, patvaruma, apdirbant didelio bei maZzo tankio medienos droZzliy
ir cemento drozliy plokstes. Pjovimo tyrimai buvo atliekami specialios konstrukcijos
stende, kur buvo imituojamas tekinimo procesas. Tiriant pjovikliy patvarumg, buvo
matuojamas jy aSmeny iSdilimas pagal uzpakalinj pavirSiy. Taip pat buvo tiriama
normaliné (statmenoji) pjovimo jéga. Gauti rezultatai parod¢, kad atsparesni dilimui
yra jrankiai, pagaminti i§ P30 kietlydinio ir padengti TiN danga. Intensyviausiai
abiejy grupiy jrankiai dilo apdirbant cemento drozliy plokstes, ypac didelio tankio.
Siuos rezultatus patvirtina ir normalinés pjovimo jégos rezultatai, kuriy kitimo
tendencija yra panasi, kaip ir aSmeny dilimo (Darmawan ir kt., 2008).

W. Darmawan ir kt. (2009) tyré modifikuoty lukStenimo peiliy atsparuma
dilimui. Buvo tiriami trijy tipy peiliai. Pirmasis tipas — greitapjovio plieno, antrasis —
greitapjovio plieno peiliai, kuriy aSmenys buvo apvirinti, naudojant legiravimo
elementus. Trecioji grupé — tai peiliai, kuriy aSmenys sukietinti lazeriu, aSmeny
pavirsiy papildant legiravimo elementais. Kaip ir darbe (Darmawan ir kt., 2008), buvo
matuojamas asmeny iSdilimas pagal uzpakalinj pavirsiy. Tyrimy rezultatai parodé,
kad atspariausi dilimui yra modifikuoti peiliai. Labai nedaug, bet atsparesni
modifikuoti (apdoroti) lazeriu, naudojant legiravimo priedus. Taip pat buvo tiriamas
peiliy aSmeny ir droztinio luksto pavir$iy SiurkStumas. Gauti rezultatai parodé, kad
maziausias aSmeny pavirSiy Siurk§tumas yra gaunamas lukstinant buko medieng
modifikuotais peiliais. Skirtumas, palyginti su jprastiniais HS peiliais, yra ypac
didelis. Nustatyta, kad, didéjant pjovimo keliui, luksto pavirSiaus SiurkStumas R,
didéja vidutiniskai nuo 14 iki 23 um (Darmawan ir kt., 2009). Taip pat nustatyta
jrankio aSmeny pavirSiaus SiurkStumo jtaka luksto pavirSiaus kokybei.

A. Fathollahzadeh ir kt. (2012) tyré frezavimo jrankiy su kietlydinio (HM)
aSmenimis patvarumg frezuojant klijuotos medienos ir jos kompozity tasus, kurie gali
biti panaudoti langams gaminti. Pjovikliy aSmenys buvo pagaminti i$ standartiniy
volframo karbido kietlydiniy (WC), kuriy grideliy dydis nuo 0,2 iki 2,5 pm, o kita
grupé jrankiy — tai WC, padengtas deimanto danga. Tyréjai aiSkinosi, kokia jtaka
aSmeny patvarumui turi eglés medienos, presuotos zievés, poliuretano ir purenito
sluoksniai, kurie buvo vidiniai tasy sluoksniai. Tyrimo autoriai tyré aSmeny isilging
mikrogeometrijg ir sutrumpgjima pusiaukampinés kryptimi. Matavimai atlikti
kontaktiniu adatiniu Siurk§tumo matuokliu (Mahr Perthometer S2). Tyrimai parodé,
kad didziausias aSmeny iSdilimas gautas frezuojant purenita, maziau jtakos turi klijy
siilé (sanklija) ir maziausiai — eglés mediena (Fathollahzadeh ir kt., 2012).

J. Y. Sheikh-Ahmad ir kt. (1999) tyré jrankiy su WC a$menimis atsparumg
dilimui apdirbant medienos drozliy ir plausy plokstes. Apdirbant jvairias plokstes,
jrankiai dyla aukstoje temperatiiroje. Tyrimy metu buvo stebima, kaip kinta aSmeny
mikrogeometrijos parametrai, t. y. iSdilimas pagal priekinj pavir$iy. Buvo matuojama
aSmeny temperatiira, kuri pasiekdavo daugiau kaip 400 °C. Tolstant nuo aSmeny,
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temperatiira mazéjo ir buvo nuo 150 iki 180 °C. Gauti rezultatai parode, kad
atspariausi dilimui buvo asmenys, pagaminti i§ WC, kurio karbidy dydis buvo
didziausias (dydis C). Intensyviausiai aSmenys dilo frezuojant MDF (Sheikh-Ahmad
ir kt., 1999).

P. V. Krakhmalev ir kt. (2007) tyré kietlydinio (WC-C) aSmeny atsparuma
abrazyvinio dilimo metu. Tyrimo autoriai jrankio abrazyvinj dilimg imitavo dirbtiniu
btdu. [rankio aSmenys buvo veikiami 15 N jéga ir kontaktavo su abrazyvine medziaga
— silicio karbidu (SiC), kuriuo buvo padengtas P80 ir P4000 slifavimo popierius.
Tyrimams atlikti buvo naudojami jvairaus grudeliy dydzio (nuo 0,1 iki 4,9 um)
kietlydiniai. Tyrimy metu buvo matuojamas aSmeny plotis ir sutrumpéjimas. Tyrimy
rezultatai parod¢, kad atspariausias abrazyviniam dilimui buvo HM4-EF Kkietlydinis,
kurio volframo karbidy (WC) dydis nuo 0,5 iki 0,9 um. MaZiausiai atsparus
abrazyviniam dilimui HM6-N, kurio WC griideliy dydis nuo 0,1 iki 0,3 um. Taip pat
reikia paminéti, kad HM4-EF turéjo 3 proc., o HM6-N — 9 proc. kobalto (Co)
(Krakhmalev ir kt., 2007).

Q. Bai ir kt. (2002) tyré pjovimo jrankiy su greitapjovio plieno (HSS), volframo
karbido (HM) ir polikristalinio deimanto (PCD) aSmenimis atsparumg dilimui.
Tyrimy metu buvo apdirbamos medienos plausy plokstés (MDF). Gauti rezultatai
parodé, kad patys atspariausi dilimui jrankiai su PCD a§menimis. Maziausiai atsparts
— su HSS aSmenimis. Jrankiy atsparumas dilimui buvo tiriamas matuojant iSdilima
pagal priekinj pavirsiy (Bai ir kt., 2002).

Q. Bai ir kt. (2004) tyré pjovimo jrankiy su polikristalinio deimanto (PCD)
aSmenimis atsparuma dilimui, kai buvo frezuojamos apdailintos (laminuotos) grindy
dangos. Siose grindy dangose iSorinis sluoksnis biina atsparus dilimui ir pagamintas
i§ aliuminio oksido (Al,O3). Tyrimy metu buvo frezuojami parketiniy lenty krastai ir
tiriama, kokia jtaka frezavimo jrankio aSmeny dilimui turéjo Al,O; sluoksnis, kurio
storis buvo nuo 0,1 iki 0,3 mm. Tyrimai atlikti su polikristalinio deimantu PCD 002,
PCD 010, PCD 025 ir PCD 075, kuriy vidutinis grudeliy dydis buvo 2, 10, 25 ir 75 ym
(Bai ir kt., 2004). Didéjant deimanto griideliy vidutiniam dydziui, mazéjo juos
riSan¢io kobalto (Co) kiekis, kurio buvo: PCD 002 — 10 proc., PCD 010 — 8 proc.,
PCD 025 — 6 proc. ir PCD 075 —2 proc. Tyrimy rezultatai parodé, kad didziausi
aSmeny iSdilimai pagal uzpakalinj pavirsiy ir aSmeny sutrumpéjimas buvo frezuojant
jrankiu, kurio asmenys pagaminti i§ PCD 002. Patys atspariausi dilimui aSmenys,
pagaminti i§ PCD 025. Pastebéta tai, kad, didé¢jant deimanto griideliy vidutiniam
dydziui nuo 2 iki 25 um, padidéja ir atsparumas dilimui. Taciau §i tendencija
negalioja, kai vidutinis grideliy dydis yra 75 um. PCD 075 aSmenys yra maziau
atsparis dilimui, palyginti su PCD 025 (Bai ir kt., 2004).

J. Boucher ir kt. (2007) tyré jrankiy su PCD asmenimis sraigtiSkumo kampo
itakg pjovimo jégoms ir aSmeny dilima, apdirbant vidutinio tankio medienos plausy
(MDF) ir drozliy (MDP) plokstes. Tyrimams atlikti naudoti jrankiai, kuriy
sraigtiSkumo kampas A buvo 0°, 7°, 15° ir 25°. Gauti rezultatai parodé, kad didZiausios
pjovimo jégos N, vertés gautos, kai 4 buvo 0°, o maziausios, kai A buvo 25°. Tokia
tendencija pastebéta ir vertinant pjovimo slégio P rezultatus. Analizuojant aSmeny
i8dilimo pagal priekinj pavirSiy rezultatus, nustatyta, kad, didéjant A, padidéja ir
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i8dilimo plotas. Pastebéta, kad dilimui atspariausi aSmenys, kuriy sraigtiSkumo
kampas A = 0° (Boucher ir kt., 2007).

P. Gogolewski ir kt. (2009) tyré jrankiy, kuriy aSmenys buvo padengti Al,Os
danga, atsparumg dilimui frezuojant apdailintas medienos drozliy plokstes (MDP).
Buvo tiriama, kaip po apdirbimo pakinta apdailintos MDP briauna. Briaunos
nelygumai buvo matuojami specialia matavimo sistema. Buvo tiriami jrankiai su
skirtinga Al,O3 dangos chemine sudétimi (Al,O3 + 300 ppm MgO, AL,O; + 10 proc.
3Y — ZrOs ir ALOs + 10 proc. ZrO») ir su HW K05 (4 proc. Co) aSmenimis. Gauti
rezultatai parodé, kad atsparesni dilimui jrankiai, kuriy aSmenys padengti Al,Os
dangomis. Lyginant Al,O; dangomis padengty jrankiy patvarumg, nustatyta, kad
patvariausi buvo padengti AL,Os + 10 proc. ZrO; danga (Gogolewski ir kt., 2009).

S. Miklaszewski ir kt. (2000) tyré jrankiy su PCD aSmenimis dilimo
mechanizmg frezuojant sluoksniuotus klijuotus medienos skydus, kurie buvo
pagaminti suklijavus drozliy plokste (33 mm), kietajg medienos plausy plokste
(3 mm) ir droztinj luksta (0,8 mm). Frezavimo bandymai atlikti su kotinémis
frezomis, kuriy aSmenys pagaminti i§ PCD (Syndite 002 De Beers), kuriy griideliy
vidutinis dydis buvo 2—4 pum. PCD aSmeny mikrogeometrijos pokyciai buvo
matuojami iSilgai ir skersai. ISilginiai aSmeny iSdilimai buvo matuojami profilometru
(Mitutoyo Surftest 501) 2 um tikslumu. Skersiniai a$meny mikrogeometrijos
poky¢iai nustatyti atspaudy metodu, naudojant silikono liejimo formas (Miklaszewski
ir kt., 2000). Gauti rezultatai parodé, kad, didéjant frezavimo kelio vertéms, padidéja
frezavimo jrankio aSmeny iSdilimai iSilgine ir skersine kryptimis. [rankio atsparumas
buvo tirtas iki 1586 m frezavimo kelio atkarpos (Miklaszewski ir kt., 2000).

P. Philbin ir S. Gordon (2005) tyré jrankiy su PCD atsparumg dilimui apdirbant
jvairias medienos medziagas. Tyrimai buvo atlikti su medienos plausy cementinémis
(FCB) ir auksto slégio laminatais padengtomis medienos plausy (HPL) plokstémis,
jas pjaustant diskiniais pjiiklais. ASmeny iSdilimai i§matuoti optiniu biidu, matuojant
bendrajji aSmeny sutrumpéjimg ir iSdilimus pagal priekinj bei uzpakalinj pavirsius.
Tyrimai parodé, intensyviau jrankiai dyla apdirbant HPL, palyginti su FCB (Philbin,
Gordon, 2005).

D. Pinheiro ir kt. (2009) tyré vientisomis ir daugiasluoksnémis dangomis
padengty medienos apdirbimo jrankiy aSmeny atsparuma dilimui frezuojant
orientuoty skiedranty plokstes (OSB). Tyrimy metu buvo naudojami jrankiai su HM
(4 proc. Co) aSmenimis, kurie buvo padengti daugiasluoksnémis jvairios cheminés
sudéties dangomis. Jrankio aSmeny iSdilimas buvo jvertinamas pagal iSdilimo plotg
(Pinheiro ir kt., 2009; Sheikh-Ahmad, 1999; Sheikh-Ahmad ir kt., 2003; Guo ir kt.,
2014).

1.6. Pjovimo jrankiy dilimo jtaka frezuoty pavirsiy kokybei

Vienas i§ kriterijy, jvertinan¢iy apdirbto medienos pavirSiaus kokybe, yra
pavirsiaus Siurk$tumas (Richter ir kt., 1995; Kvietkova ir kt., 2015). Jis lemia
tolimesnj mechaninj pavirSiaus apdirbimo ar apdailos buida, adhezijos savybes,
estetinj vaizdg ir panaudojimo galimybes (Bledzki ir kt., 2005; Follrich ir kt., 2010;
Ozczn ir kt., 2012; Kilig, 2015; Cool, Hernandez, 2016).
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Pavirsiaus SiurkStumas — tai visuma medienos mikrogeometriniy nelygumy, t. y.
iduby ir vir§iiniy, pasikartojan¢iy mazu zingsniu (Magoss, 2008). Sie nelygumai pagal
atsiradimo priezast] blina nepriklausantys ir priklausantys nuo pjovimo proceso
(Magoss, 2008; Csanady ir kt., 2015). Prie nepriklausanciy nuo pjovimo proceso
pavirsiaus nelygumy priskiriami medienos anatominiai ir strukttriniai (btidingesni
medienos medziagoms) nelygumai (Magoss, 2008; Csanady, Magoss, 2013; Csanady
ir kt.,2015). Nuo pjovimo proceso priklausantiems nelygumams priskiriami
kinematiniai, vibraciniai, pavirSiaus tampriosios atstatos, jrankio aSmeny pédsakai,
pavirsiaus jtrikimai ir iSpléSimai (Jackson ir kt., 2002; Magoss, 2008; Csanady,
Magoss, 2013; Aguilera ir kt., 2016; Vanco, 2017).

Anatominiai pavirSiaus nelygumai — tai medienos indai, tracheidés ir pluosto
struktiiriniai elementai. Sie nelygumai priklauso nuo medienos rasies, makro- ir
mikrostruktiiros, tankio, drégnio, metiniy rieviy, pluosto krypties ir ydy (Csanady,
Magoss, 2013; Csanady ir kt., 2015). Mediena yra natiiralus polimeras, kuriam
budinga sudétinga akyta mikrostruktiira (Stokke et al, 2013). D¢l mikrostruktiiros
ypatumy visos medienos riiSys skirstomos | spygliuo€iy ir lapuociy. Lapuociy
mediena dar skirstoma j ziedaindziy ir padrikai akyty.

Medienos viding mikrostruktira sudaro indy ir Igsteliy formos ertmés.
Spygliuo¢iy ankstyvajai medienai budingos tracheidés, kurios turi stambias
(20 — 40 pm) ertmes ir plonas sieneles, o vélyvosios medienos tracheidziy ertmés
biina perpus mazesnés (Magoss, 2008; Csanady, Magoss, 2013). Lapuociy medienos
strukttra yra daug sudétingesné, sudaryta i§ keliy skirtingy tipy lasteliy. Indai sudaro
vertikalias struktiiras mineralinéms medziagoms transportuoti; jy skersmuo btina iki
300 um (Magoss, 2008; Csanady, Magoss, 2013). Tracheidziy ertmés iSilgai
parencheiminiy lasteliy yra palyginti mazos (10 — 20 um) (Magoss, 2008; Csanady,
Magoss, 2013). Ankstyvosios bei vélyvosios medienos indy ir lasteliy ertméms
budingi skirtingi dydziai, kurie kinta vienoje metinéje rievéje. Todél ankstyvosios
medienos tankis yra mazesnis uz vélyvosios (Magoss, 2008; Csanady, Magoss, 2013).

Pluosto krypties kampas turi jtakos pavirSiaus kokybei (Goli, Sandak, 2016).
PavirSiaus SiurkStumas mazeja, jeigu padidé¢ja kampas tarp pluosto krypties ir
pjoviklio pastimos vektoriaus. Taciau tyrimy rezultatai parodé, kad, dirbant
vidutiniskai atSipusiu jrankiu, pavirsiaus Siurk§tumas mazeja didinant pluosto krypties
kampa iki 30 laipsniy, po to vél pradeda didéti. Atliekant bandymus su atSipusiu
jrankiu, pastebimas priesingas efektas, t. y. SiurkS§tumas padidéja, kai pluosto kampas
sudaro nuo 30 iki 40 laipsniy (Goli ir kt., 2009; Goli ir kt., 2010).

Kinematiniai nelygumai — tai pavirSiaus banguotumas, kuris susidaro dél
frezavimo jrankio sukamojo judesio (1.6.1 pav.,a). Kinematiniai nelygumai
charakterizuojami bangos auks¢iu, ilgiu ir zingsniu (Brown, Parkin, 1999; Jackson ir
kt., 2002; Hynek ir kt., 2004; Csanady, Magoss, 2013). Kinematiniy nelygumy dydj
lemia pavirSiy formuojanciy pjovikliy skaicius (Kminiak ir kt., 2015), jy tvirtinimo
paklaidos, jrankio pjovimo ir ruoSiniy pastimos greiciai (Hernandez ir kt., 2013;
Kvietkova ir kt., 2015; Sedlecky, Kvietkova 2017).

Nustatyta, kad didesnis pjovikliy skaicius formuoja lygesnj pavirSiy (Kminiak
ir kt., 2015; Tiryaki ir kt., 2015). Taciau frezuojant jrankiu, turinciu keleta ar keliolika
pjovikliy, yra sudétinga juos jtvirtinti taip, kad visi turéty vienodus pjovimo
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spindulius. Tode¢l kiekvienas pjoviklis pjauna skirtingo storio drozlg, palikdamas
nevienodus nelygumus medienos pavirSiuje (1.6.1 pav., b) (Jackson ir kt., 2002).

Pastimos greitis — svarbus veiksnys, turintis jtakos kinematiniy nelygumy
dydziui (Skalié¢ ir kt., 2009a; Skali¢ ir kt., 2009b; Sedlecky, Kvietkova 2017). Didéjant
pastiimai vienam pjovikliui nuo 0,5 iki 3,0 mm, didéja kinematiniai nelygumai, kurie
blogina pavirs$iaus kokybe. Optimaliausias pjovimo rezimas ir geriausia pavir$iaus
kokybé gaunama, kai pastima vienam pjovikliui u, nuo 1,0 iki 2,0 mm (Skali¢ ir kt.,
2009b).
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1.6.1 pav. Frezuoty pavirsiy kinematiniai nelygumai naudojant: a — vieng pjoviklj ;
b — keturis pjoviklius; R — pjovimo spindulys; p — bangos zingsnis; /W — bangos ilgis;
a — pjovimo spindulio paklaida (Jackson ir kt., 2002)

Ivairiy tyrimy rezultatai parodé, kad, didéjant pjovimo greiiui, pavirSiaus
kokybé visuomet ger¢ja (Ghosh ir kt., 2015; Kvietkova ir kt., 2015). Cilindriniam
plokstumy frezavimui atlikti rekomenduojamas pjovimo greitis nuo 35 iki 55 m/s.
Dirbant Siuo pjovimo grei¢iy diapazonu gaunama geriausia pavirSiaus kokybé ir
maziausios tangentinés pjovimo jégos skaitinés vertés. Toliau didinant pjovimo greitj
(v> 60 m/s), iSauga pjovimo jéga, ir suaktyvéja pjovimo jrankio vibracija. Irankio
vibracija sukuria papildomus nelygumus, kurie blogina apdirbto pavirSiaus kokybe
(Brown, Parkin, 1999; Jackson ir kt., 2002; Hynek ir kt., 2004).

Vibraciniy nelygumy atsir anda dél jrankio arba ruosinio vibracijos (Jackson ir
kt., 2002). Vibraciniy procesy atsiradimas pablogina frezuoto pavirSiaus kokybe
(1.6.2 pav.) (Jackson ir kt., 2002). Siy procesy atsiradimo prieZastys yra: besisukanéiy
detaliy ir mazgy disbalansas; guoliy defektai; konstrukciniy jrenginio elementy ir
atskiry mazgy rezonansiniai reiskiniai; aplinkos virpesiai ir kt. (Brown, Parkin, 1999;
Hynek ir kt., 2004).

Nustatyta, kad, jrankiui dylant, frezuoto pavirSiaus kokybé blogéja (1.6.3 pav.)
(Magoss, 2008; Csanady, Magoss, 2013). Pagrindine jrankio dilimo priezastimi
laikoma trintis § medieng (Richter ir kt., 1995). Frezuojant medieng astriu jrankiu
(5<p <15 um), asSmenys perpjauna medienos pluostg ir formuoja taisyklingos
formos drozles. Apdirbto pavirsiaus kokybé biina geriausia, o defekty atsiranda dél
medienos pluosto krypties jvijumo arba jrankio aSmeny mikroistrupéjimy (Ivanovsky
ir kt., 1971).
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1.6.2 pav. Frezuoty pavirSiy vibraciniai 1.6.3 pav. Apdirbto gzuolo medienos
nelygumai: R — pjovimo spindulys; pavirsiaus profilis, kai jrankis astrus (angl.
p — bangos zingsnis; ¥ — bangos ilgis; sharp) ir atSipes (angl. blunt) (Csanady,
a — pjovimo spindulio paklaida (Jackson ir =~ Magoss, 2013)
kt., 2002)

Frezuojant vidutiniSkai atSipusiu jrankiu (15 <p <30 um), iSryskéja
nepageidaujamas slydimo medienos pavirSiumi procesas (Ivanovsky ir kt., 1971).
Slydimo periodo metu peilio aSmenys slysta medienos pavirSiumi, ji deformuodami
ir gniuzdydami. Del pluosto tampriosios deformacijos medienos pavirSius
amortizuoja jrankio aSmeny gniuzdomajj poveikj. Taciau d¢l plastiniy ir lieckamyjy
deformacijy pries jrankj susidaro tamprus medienos sluoksnis, kuris ritasi kaip banga
(Ivanovsky ir kt., 1971). Kai Sio pavirSinio sluoksnio jtempimai pasiekia kritine riba,
prasideda irimo procesas. Triikkus pluostui, jrankio aSmenys patenka j medieng. Tai
slydimo periodo pabaiga ir pjovimo pradzia. Apdirbto pavirSiaus kokybé smarkiai
pablogéja, atsiranda pavieniy pluosto atskilimy ir pasiSiausimy (Ivanovsky ir kt.,
1971).

Frezuojant atSipusiu jrankiu (p > 30 um), vyksta netaisyklingas pjovimo
procesas (Ivanovsky ir kt., 1971). ASmenys suformuoja pavir§iy ne pjaunant, bet
ardant ir gniuzdant pluosta. D¢l slydimo periodu jvykusiy tampriyjy pakitimy pluosto
atitriikimo vieta yra nutolusi nuo pjovimo zonos gerokai j priekj. Dél Sios priezasties
atsiranda pluosto iSskaldymy ir pasiSiausimy. Auga tamprioji medienos atstata,
pasiekia iki 0,2 mm ar net daugiau (Ivanovsky ir kt., 1971).

Tamprioji medienos atstata priklauso nuo aSmeny sukuriamos deformacijos
jégos ir pobudzio, medienos rasies, drégnio, pluosto krypties bei santykio tarp
ankstyvosios ir vélyvosios medienos (Csanady, Magoss, 2013; Mazan, 2017).
Ankstyvosios medienos tamprioji atstata yra didesné, palyginti su vélyvaja mediena
(Csanady, Magoss, 2013). Dél mazesnio tankio ankstyvoji mediena lengviau
deformuojama, jai buidingas tampriosios deformacijos pobudis. Vélyvosios medienos
tankis didesnis, tod¢l deformacija jgauna plastiSkosios pobiid;.

Formuojant pavirSius atSipusiais aSmenimis, medienos lastelées yra
nepjaunamos, bet gniuzdomos. Po kontakto su aSmenimis apdirbtasis pavirSius
deformuojamas (1.6.4 pav., a ir b). Siam pavirsiui biidingi trys sluoksniai: gniuzdytas,
deformuotas ir nepaveiktas. Pirmasis — tai sugniuzdyty lasteliy sluoksnis, antrasis —
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stipriai deformuoty lasteliy, o treCias — jokia deformacija nepaveikty lasteliy.
Ankstyvosios medienos pirmojo ir antrojo sluoksniy storiai biina kelis kartus maZzesni,
palyginti su vélyvosios medienos. Nepaveiktajam sluoksniui biuidinga jprastiné
medienos mikrostruktiira (Csanady, Magoss, 2013).

1.6.4 pav. AtSipusiu jrankiu apdirbto pavirSiaus tamprioji atstata: a — ankstyvosios
medienos; b — vélyvosios medienos (Csanady, Magoss, 2013)

1.7. Literatiiros duomeny apibendrinimai

Literatiros Saltiniy analizé parodé, kad medienos frezavimo jrankiy dilimo
procesai ir veiksniai, skatinantys §iy procesy intensyvuma, yra nagrin¢jami daugelyje
darby. Nemazai darby, kuriuose pateikiami frezuoty pavirSiy kokybés tyrimo
rezultatai, kur apraSoma jvairiy frezavimo proceso technologiniy veiksniy jtaka jy
formavimui.

Frezavimo jrankiy dilimo intensyvumas priklauso nuo medienos fizikiniy,
cheminiy ir mechaniniy savybiy. Medienos savybés priklauso nuo medienos riisies,
amziaus, medzio augimo vietos ir sglygy, pjuvio vietos per kamieno ilgj. DidZiausig
jtakg jrankio dilimo intensyvumui turi medienos tankis, su kuriuo glaudziai koreliuoja
daugelis fizikiniy-mechaniniy savybiy. Mediena pasizymi netolygiu tankio
pasiskirstymu medzio kamiene, taip pat vienos metinés rievés sluoksnyje. Prie
Siluminiy-fizikiniy savybiy, nuo kuriy priklauso pjovimo jrankio dilumas,
priskiriamos Silumos talpa, Silumos ir temperatiirinis laidziai. Pjaunant medieng gali
iSryskeéti pjezoelektrinés savybés, kai medienos pavirsiuje, veikiant mechaniniams
jtempiams, susidaro elektriniai kriiviai. Apibendrinta charakteristika, kuri jvertina
medienos chemines savybes ir jy jtaka pjovimo jrankio dilimui, yra medienos
rigstingumo skaicius (pH).

Medienos pjovimo jrankiai dyla veikiant jéginiams, $iluminiams, elektriniams
ir cheminiams veiksniams, dél kuriy jtakos pakinta jrankiy geometriniai parametrai,
sumaz¢ja jrankiy mase ir darbo geba. [rankio darbo geba yra jvertinama darbinés
dalies iSilgine ir skersine geometrija, kurios parametry kitimo dinamika jvairiose
aSmeny zonos vietose gali biiti jvairi. Jrankio dilimas gali buti tolygus arba jgauti
mikroiStrupéjimy forma. Daugelis tyréjy, tirdami pjovimo jrankio dilimg iStrupant,
nustaté, kad $is dilimas vyksta dél nepertraukiamy aSmeny mikroluzimy
(iStrupéjimy), kurie atsiranda, jeigu jrankio eksploatacijos procese veikiantys
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jtempimai vir$ija jrankinés medziagos stiprumo ribg. IStrupéjimy dydis priklauso nuo
pjovimo rezimo, medienos kietumo, jrankio nusmailinimo kampo ir kity veiksniy.

Pjovimo proceso metu dél apdirbamos medziagos deformavimo energijos ir
trinties jégos tarp pjovimo jrankio, drozlés ir apdirbtojo pavirSiaus atsiranda $ilumos
Saltiniai. Dalis $ilumos nuteka nuo aSmeny j jrankio korpusa, kita dalis perduodama j
drozl¢ ir apdirbamg medziagg, taip pat vyksta konvekciniai $ilumos mainai su
aplinkos oru. Did¢jant pjovimo jrankio medziagos Siluminiam laidumui ir
nusmailinimo kampui, aSmeny temperatiira maz¢ja. Pjovimo proceso periodiskumas
smarkiai sumazina temperatiirg, tatiau atsiranda aSmeny cikliniai temperatiriniai
jtempiai.

Pjaunant medieng, suaktyvéja reiskiniai, susije su jos cheminémis ir
pjezoelektrinémis savybémis. Pjovimo zonoje gali vykti jvairiis tribotechniniai,
elektriniai, elektrocheminiai procesai, kurie turi svarbig jtaka jrankio patvarumui.
Cheminése ir elektrocheminése reakcijose, vykstanciose pjovimo jrankio ir
apdirbamos medziagos kontakto zonose, dalyvauja medienos mechaninés ir terminés
destrukcijos produktai.

Vykstant medienos (polimero) mechaninei destrukcijai, atsiranda laisvieji
radikalai, kurie turi ypatybe jungtis su jrankio medziaga. Taip susidaro cheminiai
junginiai, kurie silpnai sujungti su metaliniu pavirSiumi ir lengvai pasalinami i§
trinties zonos kaip dilimo produktai. Termodestrukcijos metu susidaro dujos, vandens
garai ir lakiosios organinés rugstys (skruzdéliy ir acto). Veikiant termodestrukcijos
medziagoms, vyksta pjovimo jrankio korozijos procesas. Vykstant koroziniams
pazeidimams, pjovimo jrankio aSmeny zonoje susidaro mikrojtriikkimy, kurie yra
trapaus irimo Saltiniai. Pjovimo proceso metu biidinga netolygi korozija, kuri
pristabdo jrankio aSmeny trapyjj irima.

Vienas i§ kriterijy, jvertinan¢iy apdirbto medienos pavirSiaus kokybe, yra
pavirSiaus SiurkStumas. Jis lemia tolimesn]j mechaninj pavirSiaus apdirbimo ar
apdailos buda, adhezijos savybes, estetinj vaizda ir panaudojimo galimybes.
Pavirsiaus nelygumai pagal atsiradimo priezastj biina nepriklausantys ir priklausantys
nuo pjovimo proceso. Prie nepriklausan¢iy nuo pjovimo proceso pavirsiaus nelygumy
priskiriami medienos anatominiai ir struktiriniai (daugiau budingi medienos
medziagoms) nelygumai. Nuo pjovimo proceso priklausantiems nelygumams
priskiriami kinematiniai, vibraciniai, pavirSiaus tampriosios atstatos, jrankio aSmeny
pédsakai, pavirsiaus jtrikimai ir i§pléSimai.

Nustatyta, kad didesnis pjovikliy skaicius formuoja lygesnj pavirSiy. Taciau
frezuojant jrankiu, turin¢iu keletg ar keliolika pjovikliy, yra sudétinga juos jtvirtinti
taip, kad visi turéty vienodus pjovimo spindulius. Todél kiekvienas pjoviklis pjauna
skirtingo storio drozlg, palikdamas nevienodus nelygumus medienos pavirsiuje.
Pastiimos greitis yra svarbus veiksnys, darantis jtakg kinematiniy nelygumy dydziui.
Didé¢jant pastiimai vienam pjovikliui, padidé¢ja kinematiniai nelygumai, kurie blogina
pavirsiaus kokybe.

Literattros apzvalgos analizé parodé, kad medienos frezavimo jrankiy dilimas
yra sudétingas tribologinis procesas, kurio désningumai dar nepakankamai istirti.
Atlikta literatGros Saltiniy analizé parodé, kad néra atlikta iSsamiy tyrimy, kaip
frezavimo jrankiy dilimg vienu metu veikia tokie technologiniai veiksniai, kaip

38



medienos risis, pluosto kryptis, drozlés storis, pjovimo kelias, pjovimo ir pastimos
greiCiai. Truksta iSsamiy tyrimy, kuriy rezultatai parodyty, kokig jtakg turi
legiruojantys elementai ar terminio apdorojimo metodai analogiskos plieny grupés
jrankiy elgsenai frezuojant ar pjaunant medieng.

Literattiros Saltiniy analizé parodé, kad dar néra pakankamai iStirtas jrankiy
dilimo poveikis frezuoty pavirsiy kokybei. Daugelio darby rezultatai parodo, kokig
itaka frezuoty pavirsiy kokybei daro tokie apdirbimo technologiniai veiksniai, kaip
medienos risis, pjovimo biidas, pjovimo ar pastiimos greitis. Nedaug darby, kuriuose
nagrin¢jama jrankiy aSmeny mikrogeometrijos parametry jtaka pavirsiy formavimo
procesui ir kokybei. Triksta darby, kuriuose biity pateikti kompleksiniy tyrimy
rezultatai, kaip pavirsiy kokybe kartu veikia jrankiy dilimas ir apdirbimo proceso
technologiniai veiksniai (drozlés storis, pjovimo ir pastimos greiciai).

1.8. Darbo tikslo suformulavimas

Darbo tikslas — sukurti medienos frezavimo peiliy aSmeny dilimo jvertinimo
metodika, iStirti jvairiy veiksniy jtakg jy dilimo intensyvumui ir peilio aSmeny dilimo
poveikj frezuoty pavirsiy kokybei.

Darbe bty sprendziami tokie uzdaviniai:

1. Sukurti medienos frezavimo peiliy dilimo tyrimo stenda ir parinkti
matavimo aparatira, kuria biity galima tirti peiliy atsparumg dilimui
pjovimo biidu, imituojant jvairias frezavimo salygas.

2. Ivertinti medienos frezavimo peiliy dilimo procesa ir jo désningumus bei
nustatyti frezavimo rezimo energijos sagnaudas.

3. Nustatyti, kokia jtaka peiliy aSmeny dilimo intensyvumui turi frezavimo
rezimo technologiniai veiksniai:

e  pjovimo kelias;

e  pjovimo greitis;

e  pastimos greitis;

e  nusmailinimo kampas.

4. Nustatyti plieny cheminés sudéties ir terminio apdorojimo jtaka peiliy
eksploatacinéms savybéms.

5. Nustatyti, kokig jtakg frezuoty pavirsiy kokybei turi Sie veiksniai:

e  peiliy dilimas;
medienos rusis;
pjovimo kelias;
pjovimo greitis;
pastiimos greitis.
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2. TYRIMO METODIKA IR IRANGA

2.1. Tyrimo objektas

Pagrindinis tyrimo objektas — medienos frezavimo jrankio aSmenys. Buvo
tiriamas aSmeny dilimo intensyvumas pradinio dilimo stadijoje ir plieny cheminés
sudéties ir strukttiros, jrankio nusmailinimo kampo f, pjovimo kelio L, pastimos u ir
pjovimo v greiciy kitimo jtaka aSmeny dilimo intensyvumui. Taip pat buvo vertinama
pjovimo jrankio aSmeny dilimo jtaka apdirbto pavirSiaus SiurkStumui. Pjovimo
jrankio aSmeny iSdilimas buvo vertinamas aSmeny suapvalinimo spinduliu p, aSmeny
sutrumpéjimu A4, pusiaukampinés kryptimi ir pjovimo galia P.

2.2. Frezavimo jrankiai

Tyrimy metu buvo naudojami standartiniai medienos frezavimo peiliai,
pagaminti i§ legiruotojo jrankiy (HL) ir greitapjovio (HSS) plieno (LST 1506:1999).
Peiliy charakteristikos pateiktos 2.2.1 lenteléje. Vienam pjovimo rezimo atvejui istirti
buvo naudojama po 3 vnt. peiliy. Visiems tyrimams atlikti i§ viso buvo panaudota
166 vnt. peiliy (HL — 36 vat.,; HSS — 130 vnt.). Prie§ tyrimus visi peiliai buvo
galandami tomis paciomis salygomis, po to atliekamas aSmeny suvedimas.

w i 2 3 4 5

i t 10 10
A = 40
@ L
a
(‘w 5 4 3 2 i
L S rz 7 7 7 7
B _10_1_10_
a 40
4—'_'_/—'—\_*_\_‘—\_—\—\_1_\_'—4—'_'_;/_,&—
- L -
b
2.2.1 pav. Freza\flfpo peilio matmenys: 2.2.2 pav. Peilio pavirSiaus Siurk§tumo ir
1- pr{eklnls pavirsius; 2 — uZpakalinis kie¢io matavimy schema: a — priekinis
pavirsius pavirsius; b — uzpakalinis pavirsius; 1; 2; 3; 4

ir 5 — matavimy vietos

Peiliy ilgis L, plotis B ir storis S (2.2.1 pav.) iSmatuoti 0,01 mm tikslumu
elektroniniu slankmaciu (Vogel Nr. CC701269); nusmailinimo kampas /£ iSmatuotas
5" tikslumu, naudojant universaly kampamatj (Vogel Nr. 4443); pjovimo ¢ bei
uzpakalinis o kampai buvo suteikiami, juos sumontavus j peiliy veleng; peiliy masé
nustatyta 0,01 g tikslumu, sveriant elektroninémis svarstyklémis (AND
HF - 12006 GD); plieno tankis p apskaiciuotas pagal formule:
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m
p =—,kg/m’, (2.2.1)
V
¢ia m — peilio masé, kg;
V — peilio tiris, m®.
2.2.1 lentelé. Frezavimo peiliy charakteristikos
Eilés Charakteristikos Frezavimo peiliai
Nr. pavadinimas Nr.1 Nr.2 Nr.3 Nr.4
1. | Peiliy zym¢jimas (pagal 8X6HOT | ESS-HSS18 | HS 18 Y 28 |CTOIM-LA2
gamintoja) OTK-14
2. | Plieno tipas Legiruotas jrankiy Greitapjovis
3. | Plieno markes 8X6HPT | Z8OWCV 1 | HS 18-0-1 HS 18-0-1
Zymejimas 8-04-01 (B18)
18-0-1
4. | Plieno markeés GOST 5950-| NF A 35- | DIN 1.3355 [UNI 2955-82
standartas (nacionalinis) 73 590(92)
5. | Plieno markeés DIN-EN 847-1 ISO 4957
standartas (tarptautinis)
6. | Matmenys (2.2.1 pav.),
mm:
ilgis L 60 60 60 60
plotis B 40 35 30 30
storis S 3 3 3 3
7. | Kampai, laipsn.:
uzpakalinis kampas o 20£57 20£57 20+57 20£57
nusmailinimo kampas 40457 40457 40£57 40£57
priekinis kampas y 30+£57 30+£57 30+£57 30£57
pjovimo kampas J 60£5" 60£5" 60£57 60£57
8. | Masé, g 54,2 51,7 40,8 41,4
9. | Tankis, kg/m? 7360 8119 8092 8144
10. | Plieno kietis, HRC 57 61 61 61
11. | Siurk$tumas, pm:
priekinio pavirsiaus
(2.2.2 pav., a):
R, 0,518 0,281 0,251 0,168
R: 3,35 1,79 2,11 1,28
Ryax 5,18 2,92 2,98 2,24
uzpakalinio pavirSiaus
(2.2.2 pav., b):
R, 0,600 0,272 0,285 0,430
R. 4,11 2,30 3,39 3,68
Rinax 4,90 2,72 4,23 3,95
12. | Peiliy kiekis, vnt. 36 58 24 48
Kietis iSmatuotas Rokvelo kietmaciu (LST EN ISO 6508:2006) 1 HRC

tikslumu, panaudojant optinj matavimo prietaisg (PMT-3) ir mikrometrinj okuliara
(MOV-1-15* Nr. 653695).
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Peiliy priekinio ir

° ! uzpakalinio pavir$iy SiurkStumo

parametrai R,, R: it Ruq iSmatuoti

@ /] + 0,001 pm tikslumu, panaudojant
kontaktinj  adatinj  pavirSiaus

SiurkStumo matuoklj

I (Mahr MarSurf PS1), kurio

L deimantinés adatos  spindulys

2 um, matavimo kampas 90°, o

a b matavimo eiga 5,60 mm.

2.2.3 pav. Bandiniy paruo$imo schema: Kiekvieno peilio pavirsiy

a — bandinio vieta peilyje; b — bandinys
(mikroslifas); 1 — bandinys; 2 — metaly
struktiiros tyrimy vieta

Siurk§tumas ~ buvo  iSmatuotas
penkiose vietose (2.2.2 pav., a ir b)
ir apskaiciuotos vidutings vertés.

Tyrimams atlikti buvo naudojami keturiy gamintojy peiliai, pagaminti i$
skirtingy plieno rasiy, (2.1 lent.). Siy plieny cheminé sudétis pateikta 1 priede. Plieny
struktirai tirti i§ peiliy buvo iSpjauta po vieng bandinj (3.2.3 pav., a). Bandiniai
mikroskopinei analizei atlikti (2.2.3 pav., b) buvo tiriami optiniu mikroskopu
(Carl Zeiss LM 10).

2.3. Medienos bandiniai

Tyrimy bandiniai buvo pagaminti i§ Lietuvoje augusios gzuolo, berZzo,
juodalksnio, maumedzio, pusies ir uosio medienos. Siy medienos rasiy fizikinés
charakteristikos pateiktos (2.3.1 lent.).

Tirti paruosti bandiniai, kuriy ilgis 1000 mm, plotis 100 mm ir storis 45 mm.

2.3.1 lentelé. Medienos fizikinés charakteristikos

Vidutinis C e
. Vidutinis .
. . medienos P Tankis,
Medienos rusis L. metinés rieves 3
drégnis . kg/m
plotis, mm
, proc.
Azuolas (Quercus) 9,5-10,4 1,90-1,97 618-696
Berzas (Betula) 8,0-9.,5 1,65-2.74 520-609
Juodalksnis (4/nus glutinosa) 8,5-9.4 2,19-2.65 410-478
Maumedis (Larix) 12,1-14 4 2,07-2,17 634-683
Pusis (Pinus sylvestris) 8,0-10,9 1,61-2,37 415-504

Bandiniy drégnis iSmatuotas =+ 0,1 proc. tikslumu elektroniniu drégmés
matuokliu (Gann Hydromette H35 ). Metiniy rieviy skaiCius 1 cm nustatytas,
skaiCiuojant metines rieves statmenai pluosto krypciai.

Medienos tankis nustatytas stereometriniu budu. I$ kiekvieno frezuoti skirto
ruoSinio buvo pagaminta po vieng taisyklingos formos (20x20%x30 mm) bandin;.
Bandiniy matmenys iSmatuoti 0,01 mm tikslumu elektroniniu slankmaciu
(Vogel Nr. CC701269) ir apskaiciuotas jy turis V. Bandiniy masé m nustatyta 0,01 g
tikslumu, sveriant elektroninémis svarstyklémis ( AND HF - 12006 GD). Medienos
tankis p,, apskaiciuotas pagal formule:
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my,
Py = g, @3.1)

w
¢ia pyw, my, ir V,, — bandinio, kurio drégnis w, proc., tankis, masé ir turis.

Patalpoje, kur buvo atliekami tyrimai, vidutiné temperattira buvo ¢ = 18+2° C,
o santykinis oro drégnis ¢ = 60£5 %.

2.4. Frezavimo stendas

Bandymai atlikti medienos frezavimo stende (2.4.1 pav.), kuris sukurtas
modernizavus ir pritaikius moksliniams tyrimams reismusines obliavimo stakles
(SR3 — 6). Bandiniai buvo frezuojami pjovimo greiciais: v =22; 31 ir 40 m/s. Peiliy
veleno sukimosi daznis (7 =4021+10; 5780+10 ir 7706+10 min™")  imatuotas
+10 min™! tikslumu, panaudojant strobotoskopinj tachometrg (SC—5). Pastiimos greitis
u buvo kei¢iamas bepakopiu biidu nuo 2 iki 15 m/min.

2.4.1 pav. Medienos frezavimo stendas: 2.4.2 pav. [silginio frezavimo schema:

1 — reismusinés obliavimo staklés (SR3-6); 1 — bandinys; 2 — peiliy velenas;

2 — darbo stalas; 3 — bandiniy kreiptuvas; 3 — frezavimo peilis; 4 — balansavimo

4 — laikrodinis indikatorius; 5 — elektros peilis; D — pjovimo skersmuo; v — pjovimo
srovés matavimo prietaisas (K506); greicio kryptis; u — pastimos greicio

6 — aspiracinis jrenginys (Kadis SK-1) kryptis

Bandiniai buvo apdirbami pagal iSilginio frezavimo schema, kai pjovimo v bei
pastimos u greiCiy vektoriy kryptys priesingos viena kitai (2.4.2 pav.). Nuo bandinio
vienu ¢jimu nupjaunamo sluoksnio storis (% = 2,00 mm) buvo nustatomas perslenkant
stendo darbo stalg. Stalo perslinkimo eiga buvo matuojama laikrodiniu indikatoriumi
(KINr. 3419). Cilindriniame peiliy velene, kurio korpuso skersmuo 100 mm
(pjovimo skersmuo D = 103 mm), buvo tvirtinami du peiliai (2.4.2 pav.). Taciau
pjovimo procese dalyvavo tik vienas. Antrasis buvo naudojamas subalansuoti.
Sumontavus peilius ] peiliy veleng, jiems buvo suteikiami pjovimo J = 60+1° bei
uzpakalinis o = 20£1° kampai.
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2.5. Tyrimo metodika
2.5.1. Bandymuy tinklelis

Tyrimams atlikti buvo sudarytas bandymy tinklelis, jvertinantis pagrindinius
kintamus pjovimo proceso technologinius veiksnius: pjovimo kelig L, pastimag
vienam pjovikliui u. ir pjovimo greitj v. Pastimos greitis u apskaiCiuotas jvertinus
pastiima vienam pjovikliui u. ir pjovimo greitj v (2.5.1 lent.).

2.5.1 lentelé. Bandymy tinklelis

Pjovimo Pastiima vienam pjovikliui #;, mm
greitis v, m/s 0,50 | 1,00 | 1,50 | 2,00
Pastiimos greitis z, m/min.
40+0,5 4,00 8,00 11,0 15,0
31+0,5 3,00 6,00 8,50 11,5
22+0,5 2,00 4,00 6,00 8,00

Sudarytas bandymy tinklelis buvo naudojamas pjovimo jrankio pradinio dilimo,
plieno cheminés sudéties, nusmailinimo kampo, pastimos ir pjovimo greiciy jtakos
pjovimo jrankio dilimo intensyvumui tirti. Taip pat pagal §j bandymy tinklelj buvo
tirta jvairiy technologiniy veiksniy jtaka apdirbto pavirSiaus kokybei.

2.5.2. Peiliy aSmeny mikrogeometrijos parametry matavimai

Peiliy aSmeny mikrogeometrijos pokyciai buvo vertinami aSmeny suapvalinimo
spinduliu p ir aSmeny sutrumpéjimu 4, pusiaukampinés kryptimi (2.5.1 pav.).

1

B =

2
N /;
N F
5 N
Y 4 J
1 5 hL
] {
[ + + | I
— 3
2.5.1 pav. AtSipimo parametrai pagal 2.5.2 pav. Svino atspaudy metodas:
A. E. Grube: p — aSmeny suapvalinimo 1 — laikiklis; 2 — peilis; 3 — spaustai;

spindulys; y — atSipimo ordinaté; x — atS§ipimo 4 — $vino plokstelé; 5 — laikiklis
abscisé; 4, — i8dilimas pagal nusmailinimo

kampo pusiaukamping; Ay — priekinio kampo

pokytis (Zotov, Pamfilov, 1991)

Asmeny suapvalinimo spindulio p vertés nustatytos Svino atspaudy metodu
(2.5.2 pav.) (Ruseckas, 1979; Miklaszewski ir kt., 2000), naudojant 2-osios tikslumo
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klasés (pagal GOST 9038-80) optinj jrankiy matavimo mikroskopa (BMI) ir
skaitmening vaizdo kamerg (geba 640x480 dpi). Vidutinés asmeny suapvalinimo
spindulio p vertés nustatytos pjovimo kelio L intervaluose: 0; 50; 100; 150; 200; 400;
800; 1200; 1600 ir 3200 m. Kiekviename pjovimo kelio L intervale peilio aSmenys
buvo matuojami penkiose vietose (2.5.3 pav.). Gauti vaizdai apdoroti ir iSmatuoti
naudojant programing jrangg. Matavimy tikslumo paklaida buvo +£2 um. IS gauty
rezultaty buvo iSvestos vidutings vertes.

Peilio aSmeny sutrumpéjimas A, buvo matuojamas optiniu bidu, panaudojant
kontrolinj pavirsiy (2.5.4 pav.), nuo kurio buvo atskaitomas aSmeny i$dilimas. Peilio
aSmenys buvo remiami ] metalo plokstele (75%35x9 mm), kurios vienas Sonas
nuslifuotas. ASmeny iSdilimas buvo matuojamas penkiose vietose (2.5.3 pav.),
naudojant mikroskopg BMI ir mikrometrinj okuliarg (MOB-1-15* Nr. 650938).

! 2 ’ i r?\ — A Priekinis pavirSius
T =
1010 Plid) e
30 [
!

60 Priekinis pavirSius

2.5.3 pav. Peilio aSmeny mikrogeometrijos  2.5.4 pav. ASmeny sutrumpéjimo 4, pagal
parametry matavimo schema pusiaukamping matavimo kryptj schema:
1 — peilis; 2 — kontrolinis pavirSius
Vidutinés asmeny sutrumpéjimo A, vertés nustatytos pjovimo kelio L
intervaluose: 50; 100; 150; 200; 400; 800; 1200; 1600 ir 3200 m. Kiekviename
pjovimo kelio L intervale peilio aSmenys buvo matuojami penkiose vietose.

Matavimo tikslumo paklaida buvo £2 um. IS gauty rezultaty buvo iSvestos vidutinés
vertes.

2.5.3. Pjovimo galios matavimai

Frezavimo galia P buvo matuojama elektros srovés matavimo prietaisu K506,
kurio tikslumo klasé¢ 0,5; prietaiso matavimo tikslumas 5 W. Prietaisas buvo
lygiagreciai prijungtas prie stendo frezavimo mechanizmo pavaros elektros variklio
grandings. Frezavimo mechanizmo pavaros tusciosios veikos aktyvioji galia Px; buvo
iSmatuojama prie§ apdirbant bandinius. Darbinés veikos aktyvioji galia Pg> buvo
matuojama frezuojant kiekvieng bandinj. Tu$Ciosios Pg; ir darbinés Pr» veiky
aktyviyjy galiy skaitinés vertés apskaiciuotos pagal formule:

P,=C, -a,> (2.5.1)
P,=C, -, (2.5.2)

¢ia Cw — vatmetro skalés padalos verté, W/pad;
ow — i8matuoty padaly skaicius, vnt.

Pjovimo P galia buvo apskaiciuojama pagal formule:
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P=P,—P,, (2.5.3)

¢ia Pg; — frezavimo mechanizmo pavaros tus¢iosios veikos aktyvioji galia, W;
Pg; — frezavimo mechanizmo pavaros darbinés veikos aktyvioji galia, W.

2.5.4. Frezuoto medienos pavirsiaus SiurkStumo matavimai

Frezuoty medienos pavirSiy Siurk§tumas buvo vertinamas didziausiy nelygumy
vidutiniu auk$¢iu Ry ir nelygumy aukséiu R-.

Frezuoty pavirSiy SiurkStumg jvertinant rodikliu Rwmime., didziausias ir
maziausias nelygumy auksciai S; ir S; buvo iSmatuoti optiniais prietaisais MIS-11 ir
TSP-4. Didziausias nelygumy aukstis H,... apskaiciuotas pagal formulg:

H, =h=10E(S,—S,)» (2.54)

¢ia S; — didZiausias vir§iinés aukstis, pum;
S> — didziausias jdubos gylis, pm;
E — koeficientas, jvertinantis matavimo okuliaro skalés padalos verte (£ = 0,131).

Didziausiy nelygumy vidutinis aukstis Rmu.. apskai€iuotas pagal formule:
1 n
Rmmax :_ZHimax s (255)
=

¢ia n — iSmatuoty nelygumy skaicius, vnt.;
H; max — didziausio i-tojo nelygumo aukstis, um.

Buvo atliekami ne maziau kaip penki tiriamo pavirSiaus matavimai. Medienos
rusies arba pjovimo rezimo jtakai tirti buvo apdirbama po penkis b andinius. Optiniy
prietaisy matavimy paklaida — 0,1 pm.

Frezuoty  pavirSiy  SiurkS§tuma  jvertinant  rodikliu ~ R.  (pagal
DIN EN ISO 4287:1998), nelygumy aukstis buvo matuojamas kontaktiniu adatiniu
pavir$iaus SiurkStumo matuokliu ,,Mahr MarSurf PS1*“ (pagal DIN EN ISO
3274:1996), kurio deimantinés adatos spindulys 2 um, matavimo kampas 90°, o
matavimo eiga 17,5 mm. Buvo atlickama ne maziau kaip po penkis tiriamo pavirsiaus
matavimus. Medienos rusies arba pjovimo rezimo jtakai tirti buvo apdirbama po
penkis bandinius. Visi matavimy rezultatai apdoroti Gauso skaitmeniniu filtru (pagal
DIN EN ISO 11562). Matuoklio matavimo paklaida buvo 0,001 pm.

2.5.5. Statistiniai skai¢iavimai ir matematinis modeliavimas

Atlikus eksperimenta, gautos rezultaty skaitinés vertés buvo matematiskai
statistiSkai apdorotos. Buvo apskaiciuoti Sie svarbiausi statistiniai rodikliai:

1. Aritmetinis vidurkis, arba imties vidurkis, kuris eksperimente vadinamas
matavimo rezultatu , apskaiciuojamas pagal formulg:

2 X
x= (2.5.6)
n

46



2. Eksperimentinis standartinis nuokrypis :

(2.5.7)

3. Atsitiktiné (matavimo rezultato) paklaida :

(2.5.8)

S
A=t,—=>
’dn
¢ia I; —koeficientas (Stjudento kriterijus), ~priklausantis nuo nustatytos

pasikliovimo tikimybés £ (technikoje f = 0,95) ir nuo laisvés laipsniy skaiciaus
p=n—1, kuris randamas literatiroje (Liukaitis, Kleveckas, 2013).
Apskaiciavus gauta, kad medienos jrankiy dilimo atveju 75 = 2,78;

4. Pasikliautinasis intervalas /g:

I=(x=A;x+A) (2.5.9)

Sis intervalas apibiidina rezultato (aritmetinio vidurkio) tiksluma. Kuo
intervalas maZzesnis, tuo geriau;
5. Santykin¢ atsitiktine paklaida 5,

8. = 2100, proc.; (2.5.10)
X

6. Bendroji matavimo rezultato santykiné paklaida s, :

5, =+/8," +652, (2.5.11)

¢ia O - santykiné sisteminé paklaida, apskaiciuojama pagal formule (Liukaitis,
Kleveckas, 2013):

5= %100 , proc., (2.5.12)

¢ia A — prietaiso (instrumento) parodymas;
a — matavimo paklaida.

Eksperimento metu gauty rezultaty skaitines vertes apdorojus statistiskai,
nustatytos pjovimo galios P, aSmeny suapvalinimo spindulio p ir sutrumpéjimo
pusiaukampinés kryptimi 4, priklausomybés nuo pjovimo kelio L. Apskaiciavus
koreliacijos koeficientus (> |0,5|), paraSytos priklausomybiy empirinés israiskos.

ASmeny suapvalinimo spindulio p priklausomybé nuo pjovimo kelio L
aprasoma lygtimi:
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_atel m (2.5.13)

P= 1+bL°

¢ia a, b, c — koeficientai, nustatomi maziausiy kvadraty metodu;

L — pjovimo kelias, m.

ASmeny sutrumpéjimo pusiaukampinés kryptimi 4, priklausomybé nuo
pjovimo kelio L aprasoma lygtimi:

_a+cL u
“1ebL’

m, (2.5.14)

¢ia a, b, c —koeficientai, nustatomi maziausiy kvadraty metodu;
L — pjovimo kelias, m.
Pjovimo galios P priklausomybé nuo pjovimo kelio L aprasoma lygtimi:

b ¢ d e
P:Pm(a+—+—+—3+x—4j,w, (2.5.15)

2
X X X

x=—— (2.5.16)

¢ia a, b, ¢, d, e —koeficientai, nustatomi maziausiy kvadraty metodu;
P — didziausia pjovimo galia, W;

L — pjovimo kelias, m;

Lnax — didZiausias pjovimo kelias, m.
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3. IVAIRIU TECHNOLOGINIU VEIKSNIU ITAKA JRANKIO DILIMUI

3.1. Pjovimo kelio jtaka frezavimo jrankio dilimui

Buvo tiriamas medienos frezavimo peiliy Nr. 1, pagaminty i§ legiruoto jrankinio
8X6HDT plieno markes, dilimas. Pagrindinis jrankio dilimg lemiantis veiksnys yra
pjovimo kelias L. Nustatyta, kaip kinta frezavimo jrankio a$meny suapvalinimo
spindulio p, aSmeny sutrumpéjimo nusmailinimo kampo pusiaukampinés kryptimi 4,
ir pjovimo galios P vertés, did¢jant pjovimo keliui L. Tyrimai atlikti frezuojant gzuolo
medienos bandinius vienu pjovimo (v = 31 m/s) ir dviem pasttimos greiciais (# = 6,00
ir 12,0 m/min). Vidutinés drozlés storis a buvo kei¢iamas netiesioginiu biidu, keiciant
pastiimg vienam pjovikliui (u- = 1,00 ir 2,00 mm).

3.1.1. Pjovimo kelio jtaka aSmeny mikrogeometrijos parametrams

Analizuojant pjovimo kelio L jtaka aSmeny suapvalinimo spinduliui p,
nustatyta, kad jrankis dyla nevienodai (3.1.1 pav.). Galima isskirti keletg periody,
kada jrankio dilimas vyksta pagal skirtingus désningumus.

35 ‘

Peiliai Nr. 1
30 +—— AZuolo mediena
v=31m/s

25

R?=0,855 '/’_‘P/—Iﬁ r

R*=0,933

20

bt

A Eksperimentiné (uz=1,00 mm)
10 —
® Eksperimentiné (uz=2,00 mm)
51 | |
0

|

ASmeny suapvalinimo spindulys p, pm

2000 4000 6000 Pjovifno(?ge”as . r:]oooo 12000 14000 16000
a+clL
P=1vp'H™
a b c
u-= 1,00 mm 9,67 9,57-10°10 2,01-10%
u-= 2,00 mm 11,2 3,12:10°10 8,61:107

3.1.1 pav. Pjovimo kelio L jtaka aSmeny suapvalinimo spinduliui p

Pirmasis periodas iki 800 m pjovimo kelio L atkarpos. Siam periode vyksta pats
intensyviausias jrankio dilimas. Intensyvy dilima skatina uZpakaliniame pavirSiuje
arti pjaunamosios briaunos po galandimo like pavirsiaus nelygumai. Analizuojant Sio
pavirsiaus Siurk§tumg aprasancius parametrus (R, ir Ru.qx) pastebéta, kad gilts réziai
(3.1.2 pav., a), likg po galandimo, skatina jtempiy koncentracijos zidiniy susidaryma.
Susidarius jtempiy koncentracijos zidiniams, prasideda jtrikimy arba plysiy
susidarymas (3.1.3 pav., a). Atsiradus jtriikkiams arba plySiams, prasideda trapusis
dilimas, kurio metu trupa atskiri jrankinés medziagos segmentai. PradZioje
intensyviausiai trupa pjaunancioji briauna ir ar¢iausiai jos esantys sektoriai (plotai).
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Intensyviausiai trapusis dilimas vyksta uZpakaliniame pavirsiuje. Cia pastebimas
didziausias jtrikimy skaicius. Taciau vienas kitas tiirinio dilimo atvejis pastebimas ir
prickiniame pavirSiuje (3.1.3 pav., b). Itrikimai, skatinantys jtempiy koncentracija,
susidaro del lieckamyjy defekty, kurie atsiranda jrankio priekinj pavirSiy slifuojant
(3.1.2 pav., b). Slifavimas atlickamas jrankj gaminant. Tyrimai atlikti su jrankiais,
kurie buvo galandami tik pagal uZpakalinj pavirSiy. Priekinis pavirSius islaiké
plokstumg ir SiurkStuma, kurie jrankiams buvo suteikti jy gamybos metu.

100 pm 100 pm

a b
3.1.2 pav. Jrankio galandimo ir slifavimo lickamieji defektai:
a — po galandimo like réziai (uzpakalinis pavirSius, #- = 1,00 mm, L =200 m); b — po
Slifavimo like réziai (priekinis pavir$ius, u- = 1,00 mm, L = 0 m)

Antrasis periodas — tai pjovimo kelio atkarpa nuo 800 iki 4000 m. Siame periode
aSmeny suapvalinimo spindulio p kitimas sulétéja. Pirmuoju dilimo periodu (nuo 0 iki
800 m) pjovimo kelio L atkarpa sudaro tik 5 proc., o jrankio iSdilimas 78,5 proc. (kai
u-= 1,00 mm) ir 72 proc. (kai u.=2,00 mm). O antruoju periodu pjovimo kelio
atkarpa (nuo 800 iki 4000 m) nuo bendrojo eksperimento pjovimo kelio L sudaro
20 proc., o jrankio iSdilimas 14,7 proc. (kai u.= 1,00 mm) ir 12,4 proc. (kai
u: = 2,00 mm). Palyginus iSdilimo rezultatus, matosi, kad antrame periode jrankio
dilimo intensyvumas sumazéja 15,8 proc. (kai u.= 1,00 mm) ir 14,6 proc. (kai
u- = 2,00 mm). Rezultatai parodé, kad Siame periode frezavimo jrankis palaipsniui i§
trapaus dilimo pereina j tolygy plastiSkg dilimg. Taciau vis dar vyrauja trapusis
dilimas, kai nuo pjaunanciosios briaunos atitriiksta pakankamai dideli jrankinés
medziagos thriniai segmentai. Taciau, didéjant aSmeny suapvalinimo spindulio
vertéms, trapusis dilimas létéja. Atitriksta tik tie jrankinés medZziagos tiiriniai
segmentai, kurie pazeisti galandimo defekty liekamyjy jtempiy arba susije su plieno
strukttiros nevienodumais, kurie susidaré terminio apdirbimo metu. O pjaunanciosios
briaunos vir§tné, kurios aSmeny suapvalinimo spindulys p jgauna pakankamai dideles
vertes, palaipsniui pradeda dilti pagal tribologinj dilimo mechanizma, t. y. kai jrankio
pjaunancioji briauna, priekinis ir uzpakalinis pavirsiai kontaktuoja su mediena. Dél
medienos tampriyjy ir plastiSkyjy deformacijy jrankis dyla tolygiai. Intensyvesnis
dilimas, kai pastima vienam pjovikliui u. = 1,00 mm. MaZesnio vidutinio storio a
drozlés, kurios formuojamos pagal priekinj pavirsiy, skatina tolygy tribologinj dilima,
kuris vyksta pagal priekinj pavirSiy arti pjaunanciosios briaunos. Atskirais atvejais
pastebimas asmeny suapvalinimo spindulio p sumazéjimas, nors pjovimo kelio L
verteés didéja. Kai pjaunanciosios briaunos virstiné sumazéja iki kritinés ribos, ji luzta
ir taip vél padidéja aSmeny suapvalinimo spindulio p verté. Taciau Sio reiskinio sparta
nuolat maz¢ja. Dilimas jgauna tribologinj pobiidj. Pastebimas jrankinés medziagos
masés mazejimas, t. y. kai jrankio dilimo zonose metalo kietis mazeja ir disperguoja.
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100 pm 100 pm

a b
3.1.3 pav. [rankio asmeny jtrikimai ir plySiai (.= 1,00 mm, L =800 m): a—aSmeny
itrikimai uzZpakaliniame pavirSiuje; b — aSmeny iStrupéjimas priekiniame pavirSiuje
Dispergavimas biuidingas aukStos temperatiiros korozijai. Nors intensyviausias
dispergavimas vyksta apdirbant medienos medziagas pjovimo biidu, ta¢iau maZziau
intensyvus reiskinys matomas ir apdirbant medieng. ASmeny suapvalinimo spindulio
p didéjimo intensyvumas smarkiai sumazéja.

3.1.4 pav. Plastiskasis jrankio dilimas (z- = 1,00 mm, L = 16000 m):
a — priekinis pavirsius; b — uzpakalinis pavir§ius

Treciasis dilimo periodas nuo 4000 iki 16000 m pasizymi stabilumu. ASmeny
suapvalinimo spindulio p vertés auga tolygiai. Sis augimas yra artimas tiesiniam.
Vidutinis augimas sudaro 6,67 proc. (kai w©.=1,00 mm) ir 15,6 proc. (kai
u.=2,00 mm). Siek tiek intensyvesnis augimas, kai pastima vienam pjovikliui
u- = 2,00 mm. Kai pastiima vienam pjovikliui #- = 1,00 mm, jrankio dilimo procesas
stabilesnis. Priekinio ir uzpakalinio pavirsiy vaizduose (3.1.4 air b, pav.) matomi
plastinio dilimo pozymiai. Tai patvirtina, kad Siame periode jrankis dyla tolygiai, o
dilimo pobtudis — plastiskasis. Pjovimo kelio atkarpoje nuo 10000 iki 16000 m jau
matomas tik plastiSkasis dilimo pobiidis. Galima teigti, kad Siame periode trapusis
dilimas sutinkamas labai retai. Rezultaty variacijos koeficientas (2,9-7,9 proc.)
smarkiai sumazéja, palyginti su pirmuoju (0,9-24,9 proc.) ir antruoju (1,6—12,7 proc.)
periodais. Padidéjusios asmeny suapvalinimo spindulio vertés (nuo 20 iki 25 pm)
skatina tik tribologinj dilima, kadangi jrankio asmeny kontakto su mediena plotas
padidéja kelis kartus. Didesnis kontaktinio pavirSiaus plotas skatina didesn; Silumos
iSsiskyrimg. Kadangi mediena pasizymi mazu Silumos laidumu, tai didziausias
Silumos kiekis kaupiasi jrankio aSmeny zonoje. Tai skatina pjovimo jrankio plieno
pavirsiniy sluoksniy struktiiros pokycius, t. y. pasikei¢ia jrankio pradinio terminio
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apdorojimo metu gauta strukttira. Taip pat pakinta ir kietumas. Kietumui mazéjant,
plienas palaipsniui tampa plastiSkesnis. Jrankio kietumas skersai ir iSilgai aSmeny
kinta netolygiai. Taip pat dél metalo struktliros mazuose plotuose nevienodumo, ypac
ariau pjaunanciosios briaunos, kur akivaizdus perteklinés Silumos poveikis,
pastebimi i§dilimo atvejai.

30 }
RkOv‘ﬂ(/%/JP |
£ 25
3
N [
@ 20 t [———%—
£ Re=0964 4 _—1
£ '
T . pd /f/
I A
£ }/’;/L/ Peiliai Nr. 1
£ 10 T Azuolo mediena
g v=31m/s
£ |
2 5 A Eksperimentiné (uz=1,00 mm)
® Eksperimentiné (uz=2,00 mm)
0 } }
0 2000 4000 6000 8000 10000 12000 14000 16000
Pjovimo kelias L, m
a+clL
= ——F,um
“ =1+t
a b c
u:=1,00 mm 6,53 1,42-10°1° 4,08-10°
u:=2,00 mm 9,68 2,96:10°1° 9,53-10°

3.1.5 pav. Pjovimo kelio L jtaka aSmeny sutrumpéjimui pusiaukampinés kryptimi 4,

Antroji frezavimo jrankio asmenis apibiidinanti charakteristika — asmeny
sutrump¢jimas nusmailinimo kampo pusiaukampinés kryptimi A4,. Rezultatai
(3.1.5 pav.) parodé, kad aSmenys intensyviausiai trumpéja iki 800 m pjovimo kelio L
atkarpos. Irankio aSmenys trumpéja dél intensyvaus dilimo iStrupant; Sioje atkarpoje
intensyviai lizin¢ja aSmeny virStiné. Pastebimas ne iStisinis vir§inés luzimas, bet
vietinis, t. y. kai [tiZta ar iStrupa atskiri segmentai (plotai), esantys ar¢iausiai pjovimo
briaunos. Didéjant vidutiniam drozlés storiui, dilimas iStrupant padidéja 7 proc.

Pjovimo kelio L atkarpoje nuo 800 iki 6000 m pastebétas vienodas frezavimo
jrankio trumpéjimas esant abiem pastiimos vienam pjovikliui (z: = 1,00 ir 2,00 mm)
vertéms. Palyginus Sioje atkarpoje gautus rezultatus esant skirtingoms pastimos
vienam pjovikliui vertéms nustatyta, kad dilimo intensyvumas yra vidutiniskai 12—
15 proc. didesnis, kai u. = 2,00 mm.

Pjovimo kelio L atkarpoje nuo 6000 iki 16000 m pastebimas tiesinis aSmeny
sutrumpéjimo A, padidéjimas. Sioje kelio atkarpoje skaitinés 4, vertés padidéjo
35 proc. (kai u. = 1,00 mm) ir 33 proc. (kai . = 2,00 mm). Sie duomenys patvirtina,
kad frezavimo jrankio dilimas palaipsniui pereina | monotoninio dilimo etapa ir
jgauna tolygaus plastinio dilimo pobtdj.

Palyging aSmeny suapvalinimo spindulio p ir aSmeny sutrumpéjimo
nusmailinimo kampo pusiaukampinés kryptimi A4, gautus rezultatus (3.1.1
ir 3.1.5 pav.), matome, kad tiesioginés priklausomybés tarp Siy dviejy charakteristiky

52



néra. Norint iSsamiai apraSyti frezavimo jrankio mikrogeometrija, butina abi
charakteristikas tirti vienu metu.

3.1.2. Pjovimo kelio jtaka pjovimo galiai

Pjovimo galia P buvo matuojama netiesioginiu biidu stebint frezavimo jrankio
dilimg. Pjovimo galios P matavimo rezultatai taip pat parodé intensyviausig jrankio
dilimo periodg (iki 800 m), kai pastebimi didZiausi pjovimo briaunos iStrupéjimai ir
didziausias aSmeny suapvalinimo spindulio padidéjimas.

550 -
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500 + Azuolo mediena
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2 400 o e s 3
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& 350
S
o 300
g [ R?=0,875
2. 250 AN — ; W T ? .
200 B Eksperimentiné (uz=1,00 mm)
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b ¢ d e L
P = Pmax<a+;+ﬁ+x—3+x_4);w; X = Lax
a b c d e
u: = 1,00 mm 0,958 4,46-1073 -13,9-10° 9,18-107 -1,65-107°
u:=2,00 mm 0,978 2,66-1073 1,06-10 2,31-10° -1,04-10°1°

3.1.6 pav. Pjovimo kelio L jtaka pjovimo galiai P

Analizuojant pjovimo galios P rezultaty grafikus (3.1.6 pav.) nustatyta: pjovimo
galia P intensyviausiai didéja pjovimo kelio L atkarpoje iki 800 m. Taip pat didele
itakg turi ir vidutinis drozlés storis (pastiima vienam pjovikliui u:). Pjovimo galia
i8auga 160 proc., kai u. = 1,00 mm, ir tik 8 proc., kai ©. = 2,00 mm.

Pjovimo kelio L atkarpoje nuo 800 iki 6000 m pastebimas pjovimo galios P
padidéjimo sumazéjimas. Pjovimo procesas stabilizuojasi. Frezavimo jrankio
aSmenys pradeda dilti tolygiai, be i$trupéjimy.

Pjovimo kelio L atkarpoje nuo 6000 iki 16000 m pastebimas artimas nuliui arba
labai nedidelis, ta¢iau tiesinis pjovimo galios P padidéjimas. Sioje kelio atkarpoje
skaitinés pjovimo galios P reikSmes vidutiniskai padidéjo 12 proc., kai u- = 1,00 mm,
ir tik 2 proc., kai u. = 2,00 mm. Tokia pati tendencija pastebéta analizuojant pjovimo
galios P kitimo intensyvumo i, vertes. Sie rezultatai patvirtina, kad frezavimo jrankis
nuo 6000 m pjovimo kelio L atkarpos jgauna plastisko dilimo pobiudj ir palaipsniui
pereina j monotoninio dilimo etapg. Didesnis pjovimo galios P padidéjimas
pastebimas tik esant didesniam drozlés storiui (kai . = 2,00 mm). Pjovimo kelio L
atkarpoje nuo 6000 iki 16000 m vidutinis padidéjimas sudar¢ tik 3,61 proc. Galima
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teigti, kad tai sglyginai labai mazas padid¢jimas, jvertinant, kad pradiniame periode
(iki 800 m) jis sudaré vidutiniSskai 21 proc. (kai u.= 1,00 mm) ir 8,66 proc. (kai
u-= 2,00 mm). Pjovimo galios P rezultatai patvirtina, kad Siame periode jrankiui
budingas monotoninio dilimo pobtdis, kuris artimas tribologiniam.

3.2. Pjovimo greifio jtaka frezavimo jrankio dilimui

Buvo tiriamas medienos frezavimo peiliy Nr. 3, pagaminty i$ greitapjovio
HS 18-0-1 plieno markes (LST EN ISO 4957:2003), dilimas. Pagrindinis jrankio
dilimg lemiantis veiksnys yra pjovimo greitis v. Nustatyta, kaip kinta frezavimo
jrankio aSmeny suapvalinimo spindulio p, aSmeny sutrumpéjimo nusmailinimo
kampo pusiaukampinés kryptimi 4, ir pjovimo galios P vertés, didé¢jant pjovimo
greiciui (v =22; 31 ir 40 m/s). Vidutinis drozlés storis @ buvo kei¢iamas netiesioginiu
budu, keiCiant pastimag vienam pjovikliui (u.=0,50; 1,00; 1,50 ir 2,00 mm).
Frezavimo jrankio dilimas buvo tiriamas frezuojant gzuolo medienos bandinius iki
3200 m pjovimo kelio L atkarpos.

3.2.1. Pjovimo greicio jtaka aSmeny mikrogeometrijos parametrams

Analizuojant pjovimo grei¢io v jtaka aSmeny suapvalinimo spinduliui p ir
sutrumpéjimui pusiaukampinés kryptimi 4, nustatyta, kad jrankis, esant skirtingoms
pjovimo grei¢io v vertéms, dyla nevienodai. Gauti rezultatai (3.2.1 ir 3.2.2 pav.)
parodé, kad, mazéjant pjovimo greicio v vertéms, aSmeny suapvalinimo spindulio p ir
sutrumpéjimo 4, vertés padidéja. Sis reiskinys apradytas daugelio mokslininky
darbuose (Pahlitzsch, 1966; Ivanosky ir kt., 1971; Csanady, Magoss, 2013).

Galima isskirti keleta periody, kai jrankio dilimas vyksta pagal skirtingus
désningumus. Pjovimo greicio v poveikis nedidelis pirmuosius 200 m pjovimo kelio.
Analizuojant gautus rezultatus (kai u.= 0,50 mm) (3.2.1 a pav.) pastebéta, kad
skirtumas tarp aSmeny suapvalinimo spindulio p verciy yra nedidelis. Pjovimo
grei¢iui v padidéjus nuo 22 iki 31 m/s, aSmeny suapvalinimo spindulio p padidéjimas
sumazgja vidutiniskai 6,60 proc. Skirtumas tarp rezultaty frezuojant pjovimo greiciais
31 ir 40 m/s sudaré 7,10 proc. PanaSios rezultaty kitimo tendencijos pastebétos ir
esant kitoms pastimos vienam pjovikliui (u#.=1,00; 1,50 ir 2,00 mm) vertéms.
Didéjant pjovimo greiciui v, skirtumas tarp aSmeny suapvalinimo spindulio p verciy
vidutiniskai sudaré 5,20 proc. (kai u.= 1,00 mm), 8,59 proc. (kai u.= 1,50 mm) ir
8,50 proc. (kai u.=2,00 mm). PanaSios rezultaty (3.2.2 pav.) kitimo tendencijos
pastebétos analizuojant pjovimo greicio v jtakg aSmeny sutrumpéjimui 4,. Didéjant
pjovimo greiciui v, skirtumas tarp aSmeny sutrumpéjimo pusiaukampinés kryptimi 4,
rezultaty verciy vidutiniskai sudaré 5,20 proc. (kai .= 1,00 mm), 8,59 proc. (kai
u-= 1,50 mm) ir 8,50 proc. (kai u. =2,00 mm). Rezultatai parodé, kad pradiniame
jrankio dilimo etape iki 200 m pjovimo kelio atkarpos pjovimo greicio v jtaka yra
nedidelé.

Pjovimo kelio atkarpoje nuo 200 iki 800 m pastebimas akivaizdus skirtumas
tarp jrankio dilimo rezultaty. Siame etape rezultaty pokytis, t. y. a§meny suapvalinimo
spindulio p ir aSmeny sutrumpéjimo 4, padidéjimas, kinta sparciau. Pjovimo greicio
v jtaka tampa didesné. Padidéja skirtumai tarp rezultaty.

54



ASmeny suapvalinimo spindulys p, pm

ASmeny suapvalinimo spindulys p, um

-
w

T
Peiliai Nr. 3 R*=0,870
12 +— Azuolo mediena
uz=0,50 mm * R2=0,920
/ /—
11 j'/ W | Re=0972
I
10 - /:/ ) — % |
9
%
8 VITAL ®yv=22m/s
By =31m/s
7 Av=40m/s
6 4
0 500 1000 1500 2000 2500 3000 3500
Pjovimo kelias L, m
_a+ cL
P=Tvpr"™
a b c
v=22m/s 8,56 1,04-107 1,35-10°
v=231m/s 8,12 7,34-10°10 9,44-10°
v=40m/s 7,49 5,86-10°10 7,18-107
a
15 T
Peiliai Nr. 3 R2=0,806
14 -+ Azuolo mediena -
uz=1,00 mm I,
13 i I T R*=0,819
12 /+//T/
L/?/ R?=0,874
11 4 K
L ER -
10 'é /
A
9 - A/ ]
Ov=22m/s
8 1 Byv=31m/s |
7 Av=40m/s —
6 }
0 500 1000 1500 2000 2500 3000 3500
Pjovimokelias L, m
a b c
yv=22m/s 9,44 1,23-107 1,86-10°%
v=31 m/s 8,81 2,36-107° 3,02:10%
v =40 m/s 8,53 1,17-10° 1,35-10%

b

55



16 I
15 1+ Peiliai Nr. 3 ~ I
i AZuolo mediena R?=0,959
< 14 + uz=1,50 mm & 1 i T T
2 13 2 | R®=0,874 .
S
2
5 12 R2=0,934 —
o 19 4 A
g A/ A 4 ] :
T 10 A =
> /]
g o [I/A ks
2 yyy' ov=22mis
§ 8 - —
c By =31m/s
7]
<7 Av=40m/s
6~ !
0 500 1000 1500 2000 2500 3000 3500
Pjovimokelias L, m
a b c
y =22 m/s 8,48 3,38:10° 5,10-10°%
y=31 m/s 8,89 1,53-107 2,10-10°
y =40 m/s 7,77 1,65-107 1,96-10°8
c
16 :
15 | PeilaiNr.3 R*=0,978
1S Azuolo mediena
= =2,00 mm ’+/ R-0909 | g
< 14 1 U=2 i/ =
g P .
8 ;/ R2=0,920
é_ : —
8 — |
= A
% /IK
2
[}
@ oyv=22m/s
>
é myv=31m/s
< Av=40m/s
6 |
0 500 1000 1500 2000 2500 3000 3500
Pjovimokelias L, m
a b c
y=22m/s 9,07 2,16-107 3.46-10®
y=31 m/s 8,71 1,56-107° 2,33-10°®
v =40 m/s 8,22 8,88-10°10 1,20-10°8

d
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Pjovimo grei¢iui v padidé¢jus nuo 22 iki 31 m/s (kai u.= 0,50 mm), aSmeny
suapvalinimo spindulio p padidéjimas sumazéja 4,47 proc., o skirtumas tarp rezultaty,
frezuojant pjovimo greiciais 31 ir 40 m/s, sudaré 9,35 proc. Vidutinis skirtumas tarp
rezultaty verciy buvo 9,79 proc. (kai u.= 1,00 mm), 12 proc. (kai u. = 1,50 mm) ir
10,1 proc. (kai u-= 2,00 mm). Vidutinis skirtumas tarp asmeny sutrumpéjimo A,
rezultaty verciy buvo 6,90 proc. (kai u. = 0,50 mm), 9,79 proc. (kai u. = 1,00 mm),
12 proc. (kai u- = 1,50 mm) ir 10,1 proc. (kai u- = 2,00 mm).

Pjovimo kelio atkarpoje nuo 800 iki 1600 m skirtumas tarp jrankio dilimo
rezultaty verCiy proporcingai didéja; matomas augimas, taCiau dideliy pokyciy
nepastebéta. ISlieka pana$i augimo tendencija, kaip ir etape nuo 200 iki 800 m.
Skirtumas tarp pjovimo greicio v jtakos lieka toks pat.

Pjovimo kelio atkarpoje nuo 1600 iki 3200 m asmeny suapvalinimo spindulio p
padidéjimas jgauna maziausias arba artimas nuliui vertes. Ir tai pastebéta esant visoms
pastiimos vienam pjovikliui (u- = 0,50; 1,00; 1,50 ir 2,00 mm) vertéms. Galima teigti,
kad rezultatai kinta désningai. Vidutinis skirtumas tarp jrankio dilimo rezultaty,
padidéjus pjovimo greiciui v nuo 22 iki 31 m/s, buvo 9,55 proc., o skirtumas tarp
rezultaty frezuojant greiciais 31 ir 40 m/s sudaré¢ 11,3 proc. Rezultatai parode¢, kad
pjovimo greicio v jtaka iSlieka nepakitusi. PanaSios rezultaty (3.2.2 pav.) kitimo
tendencijos pastebétos analizuojant ir pjovimo greicio v jtakg aSmeny sutrumpejimui
Ay

Apibendrinus rezultatus nustatyta, kad, pjovimo greiciui v did¢jant, frezavimo
jrankio asmeny suapvalinimo spindulio p ir aSmeny sutrumpéjimo A, verciy
padidéjimas mazéja, t. y. jrankis dyla lé¢iau. Sis procesas aprasytas ir kity tyréjy darbe
(Ivanovskyj ir kt., 1971). Siame darbe teigiama, kad, frezuojant jvairiy rii§iy mediena,
pjovimo greiciui v did¢jant nuo 35 iki 55 m/s, specifinis pjovimo slégis ir pjovimo
jégos mazéja (Ivanosky ir kt., 1971). Pjovimo jégy poveikis yra vienas i§ svarbiausiy
veiksniy, lemianciy jrankio asmeny dilimg. Toliau didéjant pjovimo greiciui v,
pjovimo jégos pradeda augti, t.y. jgyja didesnes vertes. Nustatyta, kad pjovimo
grei¢io v padidéjimas neturi jtakos normalinei pjovimo jégai F.. Taip pat nustatyta,
kad jéga, prieSinga stimimo grei¢io krypéiai Q, taip pat sumazéja (Ivanosky ir kt.,
1971).

IvairQis tyréjai pjovimo greicio v jtaka frezavimo dinamikai aiSkina taip: trintis
tarp medienos ir pjovimo jrankio uzpakalinio pavirSiaus sumazéja; jrankio smiiginé
jéga 1 nupjaunamg medienos sluoksnj, drozlés smulkinimo jéga bei drozlés
susidarymo inertiSkumas didé¢ja; pakinta medienos savybés; padidéja laikinas
pasipriesinimas, ypa¢ frezuojant skersai pluosto; medienos skélimas ir gniuzdymas
vyksta labai nedaug (maziausiu laipsniu), todél dél taisyklingo pjovimo susidaro
drozlés (Pahlitzsch, 1966; Ivanovsky ir kt., 1971).
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3.2.2 pav. Pjovimo greicio v jtaka aSmeny sutrumpéjimui 4,: a — u. = 0,50 mm;
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3.2.2. Pjovimo greicio jtaka pjovimo galiai

Analizuojant pjovimo grei¢io v jtakg pjovimo galios P rezultatams (3.2.3 pav.),
nustatyta netiesiné priklausomybé. Didéjant pjovimo greiciui v, padidéja ir pjovimo
galios P vertés. Taciau $is padidéjimas néra tiesinis. Taip pat nustatyta, kad pjovimo
greitis v turi jtakos pjovimo galiai P jau pacioje pjovimo proceso pradzioje. Didelis
skirtumas tarp pjovimo greicio v padidéjimo jau pastebétas, kai pjovimo kelio atkarpa
buvo 50 m. Rezultatai parod¢, kad, esant jvairioms pastimos vienam pjovikliui
(u-=0,50; 1,00; 1,50 ir 2,00 mm) vertéms, pastebimas didelis skirtumas tarp pjovimo
greitio (v=122; 31 ir 40 m/s) veréiy. Sis skirtumas sudaré 51,6 proc. ir 23,7 proc.

Galima i8skirti keletg periody, kai pjovimo galios P rezultatai kinta pagal
skirtingus désningumus. Intensyviausias pjovimo galios P rezultaty padidéjimas
pastebétas pradiniame dilimo etape iki pjovimo kelio L = 400 m atkarpos (3.2.3 pav.).
Rezultaty padidé¢jimas gana spartus. Tai susij¢ su jrankio aSmeny mikrogeometrijos
poky¢iais. Siame jrankio dilimo etape pastebéta ir pjovimo grei¢io v jtaka. Pjovimo
greiciui v didéjant, pastebimas ir pjovimo galios P rezultaty padidéjimas. Pjovimo
greiciui v didéjant, vidutinis skirtumas sudaré 20,5 proc. (kai u.= 0,50 mm),
30,3 proc. (kai wu.= 1,00 mm), 46 proc. (kai u.=1,50 mm) ir 53,7 proc. (kai
u: = 2,00 mm).

Antrajame etape nuo 400 iki 1600 m pjovimo kelio ribos pastebimas pjovimo
galios P rezultaty mazéjimas. Didéjant pjovimo keliui L, rezultatai auga palaipsniui.
Pavieniais atvejais (kai u.=1,00mm ir v=22m/s) pastebéta, kad rezultatai
stabilizuojasi ir nustoja augti. Tai parodo, kad jrankio aSmeny dilimas stabilizuojasi,
nusistovi pastovesnis pjovimo rezimas.

Treciajame etape, nuo 1600 iki 3200 m pjovimo kelio ribos, pjovimo galios P
rezultatai auga labai 1étai. Nedidelis rezultaty padidéjimas pastebétas esant visoms
pastimos vienam pjovikliui (u: = 0,50; 1,00; 1,50 ir 2,00 mm) vertéms, kai ruoSiniai
buvo frezuojami pjovimo greiciais 31 ir 40 m/s. Taciau kai buvo frezuojama pjovimo
greiiu 22 m/s, rezultaty augimas buvo labai nedidelis arba artimas nuliui (kai
u.=1,00mm) (3.2.3 pav., b). Siame etape jrankio asmeny dilimas palaipsniui
stabilizuojasi, aSmeny mikrogeometrijos charakteristiky rezultaty didé¢jimas
sumazgja. Jrankio aSmeny dilimas palaipsniui pereina j monotoninio dilimo stadija.

Apibendrinus rezultatus nustatyta, kad, pjovimo greiciui v didéjant, pjovimo
galios P verciy didéjimas didéja.
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3.3. Pastiimos vienam pjovikliui jtaka frezavimo jrankio dilimui

Buvo tiriamas medienos frezavimo peiliy Nr. 3, pagaminty i$ greitapjovio
HS 18-0-1 plieno markés (LST EN ISO 4957:2003), dilimas. Pagrindinis jrankio
dilimg lemiantis veiksnys yra pastiima vienam pjovikliui u.. Nustatyta, kaip kinta
frezavimo jrankio a$meny suapvalinimo spindulio p, aSmeny sutrumpéjimo
nusmailinimo kampo pusiaukampinés kryptimi 4, ir pjovimo galios P vertés, didéjant
pastiimai vienam pjovikliui u.. Kei¢iant pastiimg vienam pjovikliui (u- = 0,50; 1,00;
1,50 ir 2,00 mm), buvo kei¢iamas vidutinis drozlés storis a ir pastimos greitis u.
Frezavimo jrankio aSmeny dilimas buvo tiriamas frezuojant gzuolo medienos
bandinius esant trims skirtingiems pjovimo grei¢iams (v=22; 31 ir 40 m/s) iki
pjovimo kelio L = 3200 m atkarpos.

3.3.1. Pastiimos vienam pjovikliui jtaka aSmeny mikrogeometrijos
parametrams

Analizuojant pastiimos vienam pjovikliui u. jtaka aSmeny suapvalinimo
spinduliui p ir sutrumpéjimui A4,, nustatyta, kad jrankis, esant skirtingoms pasttimos
vienam pjovikliui u. vertéms, dyla nevienodai (3.3.1 pav.). Gauti rezultatai parode,
kad, didéjant pastiimos vienam pjovikliui u. vertéms, aSmeny suapvalinimo spindulio
p ir sutrumpéjimo A, vertés padidéja.

Galima iSskirti keleta periody, kada jrankio dilimas vyksta pagal skirtingus
désningumus. Pastiimos vienam pjovikliui . poveikis yra mazesnis pjovimo kelio L
atkarpoje iki 200 m. Analizuojant gautus rezultatus (kai v =22 m/s) (3.3.1 pav., a),
pastebéta, kad skirtumas tarp aSmeny suapvalinimo spindulio p verciy yra nedidelis.
Pastiimai vienam pjovikliui u. padidéjus nuo 0,50 iki 1,00 mm, aSmeny suapvalinimo
spindulio p didéjimas vidutiniskai padidéja 11,3 proc. Skirtumas tarp rezultaty, kai
u-= 1,00 ir 1,50 mm, sudaré 0,19 proc. O skirtumas tarp rezultaty, kai u. = 1,50 ir
2,00 mm, sudare tik 4,08 proc. PanaSios rezultaty kitimo tendencijos pastebétos ir
esant kitiems pjovimo greic¢io (v =31 ir 40 m/s) vertéms. Didéjant pastiimai vienam
pjovikliui u., skirtumas tarp aSmeny suapvalinimo spindulio p ver¢iy vidutiniskai
sudaré 4,55 proc. (kai v =31 m/s) ir 3,84 proc. (kai v =40 m/s). Analizuojant aSmeny
sutrumpéjimo A, rezultatus (3.3.2 pav.), nustatyta, kad, didéjant pastimai vienam
pjovikliui u., skirtumas tarp verciy vidutiniskai sudaré 4,55 proc. (kai v =31 m/s) ir
3,84 proc. (kai v = 40 m/s). Rezultatai parod¢, kad pradiniame jrankio dilimo etape iki
200 m pjovimo kelio atkarpos pastiimos vienam pjovikliui u. jtaka yra nedidelé.

Pjovimo kelio atkarpoje nuo 200 iki 800 m pastebimas akivaizdus skirtumas
tarp jrankio dilimo rezultaty. Siame etape rezultaty pokytis, t. y. aSmeny suapvalinimo
spindulio p padidéjimas, kinta spar¢iau. Pastiimos vienam pjovikliui u. jtaka tampa
didesné. Padidéja skirtumai tarp rezultaty. Pastiimai vienam pjovikliui u. padidéjus
nuo 0,50 iki 1,00 mm (kai v =22 m/s), aSmeny suapvalinimo spindulys p padidéja
16,6 proc. Skirtumas tarp rezultaty, kai buvo frezuojama esant u. = 1,00 ir 1,50 mm,
sudar¢ 7,20 proc. Padidéjus pastiimai vienam pjovikliui u. nuo 1,50 iki 2,00 mm,
skirtumas tarp aSmeny suapvalinimo spindulio p rezultaty sudaré
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c
3.3.1 pav. Pastimos vienam pjovikliui u. jtaka aSmeny suapvalinimo spinduliui p:
a—v=22m/s;b—-v=31m/s;c—v=40 m/s

tik 0,70 proc. Panasus rezultaty pokytis nustatytas analizuojant aSmeny sutrumpéjimo
A, rezultatus. Pastiimai vienam pjovikliui . padidéjus nuo 1,50 iki 2,00 mm,
skirtumas tarp aSmeny sutrumpéjimo pusiaukampinés kryptimi 4, rezultaty sudaré
0,70 proc. Labai panaSus aSmeny suapvalinimo spindulio p ir sutrumpéjimo A,
rezultaty padidéjimas pastebétas, kai buvo frezuojama kitais pjovimo greiciais (v =31
ir 40 m/s). Gauti rezultatai parodé, kad Siame jrankio aSmeny dilimo etape pastimos
vienam pjovikliui jtaka sustipréja.

Pjovimo kelio atkarpoje nuo 800 iki 1600 m skirtumas tarp jrankio dilimo
rezultaty proporcingai didéja; pastebimas augimas, taciau dideliy pokyciy
nepastebéta. ISlieka panaSi augimo tendencija, kaip ir etape nuo 200 iki 800 m.
Pastiimos vienam pjovikliui u. jtaka i$lieka tokia pati.

Pjovimo kelio atkarpoje nuo 1600 iki 3200 m asmeny suapvalinimo spindulio p
padidéjimas labai sulétéja, kadangi jgauna maziausias vertes. Ir tai pastebéta esant
visoms pjovimo grei¢io (v =22; 31 ir 40 m/s) vertéms. Galima teigti, kad rezultatai
kinta désningai. Vidutinis skirtumas tarp jrankio dilimo rezultaty, padidéjus pastimos
vienam pjovikliui #- nuo 0,50 iki 1,00 mm (kai v = 22 m/s), buvo 17,3 proc. Skirtumas
tarp rezultaty, kai buvo frezuojama esant pastiimai vienam pjovikliui u.= 1,00 ir
1,50 mm, sudaré 4,60 proc. Padidéjus pastimai vienam pjovikliui #. nuo 1,50 iki
2,00 mm, skirtumas tarp aSmeny suapvalinimo spindulio p rezultaty sudaré 4,10 proc.
Rezultatai parodé, kad pastiimos vienam pjovikliui u. jtaka iSlieka nepakitusi.
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c
3.3.2 pav. Pastiimos vienam pjovikliui - jtaka aSmeny sutrumpg¢jimui A4,: a — v =22 m/s;
b-v=31m/s;c—v=40m/s

Apibendrinus rezultatus nustatyta, kad, pastiimai vienam pjovikliui u. didéjant,
frezavimo jrankio aSmeny suapvalinimo spindulio p ver¢iy padid¢jimas didé¢ja, t.y.
jrankis dyla intensyviau. Daugelis autoriy savo darbuose nustaté, kad, frezuojant
jvairiy rusiy medieng, didéjant pastimai vienam pjovikliui u. ir vidutiniam drozlés
storiui a, jrankio aSmenys dyla intensyviau (Ivanovskyj ir kt., 1971; Csanady, Magoss,
2013). Taip pat buvo nustatyta, kad, nupjaunant mazesnio vidutinio storio drozles,
jrankis intensyviau dyla pagal uzpakalinj pavirsiy. Trinties jégos, veikiancios jrankio
priekinj pavirsiy, poveikis yra palyginti nedidelis. O uzpakalinio pavirsiaus kontakto
kelias dél slydimo yra didesnis, palyginti su priekiniu. Didinant drozlés storj a, didéja
trinties jéga ir kontakto ilgis, veikiantis priekinj pjoviklio pavir$iy. Darbe (Ivanovskyj,
ir kt. 1971) teigiama, kad, did¢jant pastimai vienam pjovikliui ., mediena maziau
smulkinama ir sumazéja jos deformavimas. Taip pat pastebéta, kad sumazéja jau
apdirbto pavirSiaus medienos plausy tamprumo atsistatymas (Ivanovskyj ir kt., 1971).

3.3.2. Pastimos vienam pjovikliui jtaka pjovimo galiai

Analizuojant pastimos vienam pjovikliui u- jtaka pjovimo galios P rezultatams
(3.3.3 pav.), nustatyta netiesiné priklausomybé. Didéjant pastimai vienam pjovikliui
u., padidéja ir pjovimo galios P vertés. TaCiau $is padidéjimas néra tiesiné
priklausomybé. Taip pat nustatyta, kad pastima vienam pjovikliui u. turi jtakos
pjovimo galiai P jau pacioje pjovimo proceso pradzioje. Didelis skirtumas tarp
pjovimo greicio v padidéjimo jau pastebétas, kai pjovimo kelio L atkarpa buvo 50 m.
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Rezultatai parode, kad, esant jvairioms pastimos vienam pjovikliui (- = 0,50; 1,00;
1,50 ir 2,00 mm) vertéms, nustatytas didelis skirtumas tarp pjovimo galios P ver¢iy.
Pjovimo grei¢iy (v =22; 31 ir 40 m/s) pokytis taip pat turéjo jtakos pjovimo galios P
rezultatams.

Galima i8skirti keletg periody, kada pjovimo galios P rezultatai kinta pagal
skirtingus désningumus. Intensyviausias pjovimo galios P rezultaty padidéjimas
pastebétas pradiniame dilimo etape iki pjovimo kelio L = 400 m ribos (3.3.3 pav.). Tai
susije su jrankio a$meny mikrogeometrijos poky¢iais. Siame jrankio dilimo etape
pastebéta ir pastimos vienam pjovikliui u. jtaka. Pastimai vienam pjovikliui u.
did¢jant (kai v=22 m/s), pastebimas ir pjovimo galios P rezultaty padidéjimas.
Pastiimai vienam pjovikliui u. padidé¢jus nuo 0,50 iki 1,00 mm, pjovimo galios P
padidéjimas vidutiniskai didéja 14,9 proc. Skirtumas tarp rezultaty, kai u. = 1,00 ir
1,50 mm, sudaré 6,20 proc. O skirtumas tarp rezultaty, kai u.= 1,50 ir 2,00 mm,
sudaré 10,8 proc. PanaSios ver¢iy kitimo tendencijos pastebétos ir esant kitoms
pjovimo greicio (v =31 ir 40 m/s) vertéms. Didéjant pastimai vienam pjovikliui u-,
skirtumas tarp pjovimo galios P verciy vidutiniskai sudare 28,2 proc. (kai v =31 m/s)
ir 30,1 proc. (kai v =40 m/s).
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Antrajame etape nuo 400 iki 1600 m pjovimo kelio ribos pastebimas pjovimo
galios P rezultaty padidéjimo mazéjimas. Didéjant pjovimo keliui L, rezultatai auga
palaipsniui. Atskirais atvejais (kai v =22 m/s; u. = 0,50 ir 1,00 mm) pastebéta, kad
rezultatai stabilizuojasi — nusistovi pastovesnis pjovimo rezimas.

Tre¢iajame etape, pjovimo kelio L atkarpoje nuo 1600 iki 3200 m, pjovimo
galios P rezultatai auga labai létai. Nedidelis rezultaty padidéjimas pastebétas esant
visoms pastimos vienam pjovikliui (u: = 0,50; 1,00; 1,50 ir 2,00 mm) vertéms, kai
ruosiniai buvo frezuojami pjovimo grei¢iais v =31 ir 40 m/s. Kai buvo frezuojama
pjovimo greiciu v = 22 m/s, rezultaty augimas buvo labai nedidelis arba artimas nuliui
(kai u. = 1,00 mm) (3.3.3 pav., b). Siame etape jrankio a$meny dilimas palaipsniui
stabilizuojasi, asmeny mikrogeometrijos charakteristiky padidéjimas sumazéja.
Irankio aSmeny dilimas palaipsniui pereina ] monotoninio dilimo stadija.

Apibendrinus rezultatus nustatyta, kad, pastiimai vienam pjovikliui u. didéjant,
frezavimo galios P verciy padidéjimas taip pat padidéja. Didéjant vidutiniam drozlés
storiui @, padidéja pjovimo jéga F.

3.4. Nusmailinimo kampo jtaka frezavimo jrankio dilimui

Buvo tiriamas medienos frezavimo peiliy Nr. 2, pagaminty i$ greitapjovio
HS 18-0-1 (LST EN ISO 4957:2003) markés plieno, dilimas. Pagrindinis jrankio
dilimg lemiantis veiksnys buvo nusmailinimo kampas /. Nustatyta, kaip kinta
frezavimo jrankio aSmeny suapvalinimo spindulio p ir pjovimo galios P vertés,
didéjant nusmailinimo kampui (f =40°% 45° ir 50°). Tyrimai atlikti frezuojant
maumedzio medienos bandinius vienu pjovimu (v =31 m/s) ir keturiais pastimos
greiCiais (u = 3,00; 6,00; 9,00 ir 12,0 m/min). Vidutinés drozlés storis a buvo
keiCiamas  netiesioginiu  buidu, keiiant  pastimg vienam  pjovikliui
(u-=0,50; 1,00; 1,50 ir 2,00 mm). Frezavimo jrankio aSmeny dilimas buvo tiriamas
iki 1600 m pjovimo kelio L atkarpos.

Atlikus tyrimus nustatyta nusmailinimo kampo f jtaka frezavimo jrankio
dilimui pradiniame etape. Taip pat nustatyta, kaip kinta pjovimo galia P didéjant
nusmailinimo kampui £. Tyrimy metu buvo stebéta, kokig jtaka jrankio dilimui turi
pjovimo kelias L ir pastiima vienam pjovikliui ..

3.4.1. Nusmailinimo kampo jtaka aSmeny suapvalinimo spinduliui

Analizuojant gautus rezultaty grafikus (3.4.1 pav.) pastebéta, kad
intensyviausiai dyla jrankis, kurio nusmailinimo kampas f=40°, o patvariausias
dilimui pjoviklis, kurio f=50°. Si tendencija pastebéta esant visoms pastiimos
vienam pjovikliui (z. = 0,50; 1,00; 1,50 ir 2,00 mm) vertéms.

Intensyviausias a$meny suapvalinimo spindulio p padidéjimas pastebimas
pjovimo kelio atkarpoje iki 200 m. DidZziausias skirtumas tarp jrankiy dilimo
dinamikos pastebétas esant pastiimai vienam pjovikliui . =0,50 mm. ASmeny
suapvalinimo spindulio p veréiy skirtumas tarp jrankiy, kuriy kampai f=40° ir
£ =50°, sudare 46 proc. O tarp jrankiy, kuriy kampai = 50° ir § = 45°, buvo 18 proc.
Pastiimai vienam pjovikliui u. padidéjus iki 2,00 mm, skirtumas tarp jrankiy, kuriy
nusmailinimo kampai f=40° ir f=50° sumazgja iki 5 proc. O skirtumas tarp
jrankiy, kuriy nusmailinimo kampai f = 50° ir f=45°, sudaré tik 2 proc. ASmeny
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suapvalinimo spindulio p padid¢jimo sumaZzéjimas, didéjant pastimai vienam
pjovikliui #. nuo 0,50 iki 2,00 mm, patvirtina teorija, kad, esant nedideléms pastiimos
vienam pjovikliui vertéms, susidaro mazesnio storio drozlés. Todél Siame periode
frezavimo jrankio dilimas yra labai tolygus, o jrankio kampinés charakteristikos lemia
pjaunanciosios briaunos dilimg. Mazesnj nusmailinimo kampg £ turincios jrankio
pjaunanciosios briaunos segmentai greiciau trupa. Didéjant drozlés storiui a, padidéja
pjovimo jégos, todél atskiri pjaunanciosios briaunos vir§iinés segmentai iStrupa arba
nultzta (Ivanovsky ir kt., 1971).

Atkarpoje nuo 200 iki 400 m pastebimas dilimo proceso 1étéjimas. Taciau visi
frezavimo jrankiai (f =40° 45° ir 50°) intensyviau dyla esant pastimai vienam
pjovikliui #:=0,50 ir 1,00 mm. ASmeny suapvalinimo spindulio p padid¢jimas
gerokai spartesnis, palyginti su rezultatais, gautais, kai pastima . = 1,50 ir 2,00 mm.
ASmeny suapvalinimo spindulio p ver¢iy skirtumas kelio atkarpoje L =400 m, kai
pastiima vienam pjovikliui u. = 0,50 mm, tarp jrankiy, kuriy kampai £ = 40° ir 50°,
sudar¢ 35 proc. O tarp jrankiy, kuriy kampai £ = 50° ir 45°, buvo 21 proc. Pastimai
vienam pjovikliui u. padidéjus iki 2,00 mm, skirtumas tarp jrankiy, kuriy kampai
£ =40°ir f = 50°, sumazgjo iki 7 proc. O skirtumas tarp jrankiy, kuriy kampai f = 50°
ir = 45°, sudar¢ tik 3 proc.

Pjovimo kelio L atkarpoje nuo 400 iki 800 m dilimo procesas stabilizuojasi.
Pastebimas labai tolygus ir nedidelis aSmeny suapvalinimo spindulio p padidéjimas.
Asmeny suapvalinimo spindulio p verciy skirtumas kelio atkarpoje L = 800 m, kai
pastima vienam pjovikliui #. = 0,50 mm tarp jrankiy, kuriy kampai = 40° ir 50°,
sudare 31 proc. O tarp jrankiy, kuriy kampai = 50° ir 45°, — buvo 23 proc. Pasttimai
vienam pjovikliui u. padidéjus iki 2,00 mm, skirtumas tarp jrankiy, kuriy kampai
£ =40°1r f = 50°, sumazejo iki 7 proc. O skirtumas tarp jrankiy, kuriy kampai f = 50°
ir f =45°, — iki 4 proc. Tai patvirtina ir pjovimo galios P padidéjimas (3.4.2 pav.).

Pjovimo kelio L atkarpoje nuo 800 iki 1600 m pastebimas labai nedidelis
a¥meny suapvalinimo spindulio p padidéjimas. Sioje kelio atkarpoje skaitinés p vertés
vidutiniskai padidéjo tik 5 proc. esant pastimai vienam pjovikliui u. = 0,50 mm ir
1 proc. — kai u. = 2,00 mm. ASmeny suapvalinimo spindulio p verciy skirtumas kelio
atkarpoje L = 1600 m, kai pastima vienam pjovikliui #.= 0,50 mm, tarp jrankiy,
kuriy kampai f = 40° ir f = 50°, sudaré 28 proc. O tarp jrankiy, kuriy kampai f = 50°
ir f=45° buvo 21 proc. Pastiimai vienam pjovikliui u«. padidéjus iki 2,00 mm,
skirtumas tarp jrankiy, kuriy kampai f=40° ir f=50°, sumazéjo iki 13 proc. O
skirtumas tarp jrankiy, kuriy kampai f=50° ir f=45° sumazgjo iki 6 proc.
Frezavimo jrankis dyla tolygiai ir palaipsniui pereina j monotoninio dilimo etapa.

Apibendrinus gautus rezultatus esant jvairioms pastimos vienam pjovikliui u.
vertéms, galima teigti, kad jrankis, kurio nusmailinimo kampas f=45° yra
vidutiniskai 8 proc., o jrankis, kurio nusmailinimo kampas f=50°, — 10 proc.
atsparesnis dilimui, palyginti su jrankiu, kurio nusmailinimo kampas /S = 40°.

Gautus tyrimy rezultatus palyginus su E. Ivanovskyj ir kt. (1971) ir G. Kowaluk
kt. (2009) darbais, galima teigti, kad jie yra patikimi ir koreliuoja su Siy autoriy
pateiktais rezultatais.
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E. Ivanovskyj ir kt. (1971) darbe tyré frezavimo peiliy, pagaminty i§ jrankinio
legiruoto plieno, elgseng. Gauti rezultatai parodé, kad mazesnio nusmailinimo kampo
p irankiai dyla intensyviau, palyginti su jrankiais, kuriy kampas f didesnis. Taciau
mazesn] nusmailinimo kampa f turinciy jrankiy virStiné dyla ne iStrupédama, o
plastiskai deformuojantis atskiriems segmentams (Ivanoskyj ir kt., 1971).

G. Kowaluk ir kt. (2009) tyré jvairiy plieny, naudojamy gaminant pjovimo
jrankius, atsparuma dilimui. Jie tyré greitapjovio plieno (HSS), chromuoto plieno (Cr)
ir volframo karbido (HM) frezavimo peiliy atsparuma dilimui. Tyrimy metu buvo
naudojami pjovikliai, kuriy nusmailinimo kampas £ =25, 40, 45 ir 55°. Buvo
matuojamas pjaunanciosios briaunos sutrumpéjimas (Kowaluk ir kt.,, 2009).
Palyginus G. Kowaluk ir kt. (2009) rezultatus su disertacijoje pateikiamais rezultatais,
galima teigti, kad HSS plieno pjovikliy dilimo désningumai yra labai panasis.
Did¢jant nusmailinimo kampui £, padidéja atsparumas dilimui.

3.4.2. Nusmailinimo kampo jtaka pjovimo galiai

Analizuojant pjovimo galios P rezultatus (3.4.2 pav.) nustatyta, kad didziausios
skaitinés vertés gaunamos, kai frezuojama jrankiu, kurio nusmailinimo kampas
B =150°, vidutinés, kai = 45°, ir maZiausios, kai =40°. Si tendencija pastebéta
esant visoms pastimos vienam pjovikliui u. = 0,50; 1,00; 1,50 ir 2,00 mm vertéms.
Taciau didziausias skirtumas pastebimas, kai pastiima vienam pjovikliui . = 0,50 ir
2,00 mm.

Intensyviausiai pjovimo galia P didéja pjovimo kelio L atkarpoje iki 200 m. Tai
susije su pjaunanéiosios briaunos a§meny vir§tinés istrupéjimais. Siame pjovimo etape
ypac sparciai didéja aSmeny suapvalinimo spindulio p padidéjimas.

Pjovimo kelio L atkarpoje nuo 200 iki 400 m pastebimas galios P padidéjimo
sumaz¢jimas. Pjovimo procesas stabilizuojasi, kadangi visy jrankiy (f = 40°; 45° ir
50°) aSmenys palaipsniui pereina i§ dilimo iStrupant j plastisko dilimo fazg.

Pjovimo kelio L atkarpoje nuo 400 iki 800 m pastebimas labai nedidelis, taciau
netiesinis pjovimo galios P padidéjimas. Siame etape frezavimo jrankio a§menys
pradeda dilti tolygiai, be iStrup&jimy.

Pjovimo kelio L atkarpoje nuo 800 iki 1600 m pastebimas labai nedidelis, taciau
tiesinis pjovimo galios P padidé¢jimas. Pjovimo galios P skirtumas kelio atkarpoje
L =1600 m, kai pastiima vienam pjovikliui #. = 0,50 mm tarp jrankiy, kuriy kampai
f=40° ir f=45°, sudar¢ 17 proc., o tarp jrankiy, kuriy kampai £ =40° ir f=50°,
buvo 20 proc. Pastiimai vienam pjovikliui u. padidéjus iki 2,00 mm, skirtumas tarp
jrankiy, kuriy kampai f=40° ir f=45°, sumazéjo iki 32 proc. O skirtumas tarp
jrankiy, kuriy kampai f=40° ir f=50°, padidéjo iki 43 proc. Sie duomenys tik
patvirtina, kad frezavimo jrankis po 1600 m pjovimo kelio palaipsniui pereina i}
monotoninio dilimo etapg.

Pjovimo galios P rezultatai (3.4.2 pav.) patvirtino teorija, kad, didéjant
nusmailinimo kampui f, atpjaunamos drozlés deformuojamos didesne jéga. Todél
padidéja drozlés trintis j priekinj jrankiy pavirSiy (Ivanosky ir kt., 1971; Csanady,
Magoss, 2013). Si priklausomybé buvo nustatyta ir E. Ivanovskyj ir kt. (1971) darbe.
Gauti rezultatai taip pat patvirtino prielaida, kad pjovimo galia P didéja, didinant
pastiima vienam pjovikliui ..
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3.4.2 pav. Pjovimo kelio L jtaka pjovimo galiai P:
a—u;=0,50mm; b—u,=1,00 mm; ¢ —u.= 1,50 mm; d — u, = 2,00 mm




3.5. Plieno cheminés sudéties ir struktiiros jtaka frezavimo irankio dilimui

Buvo tiriama plieno cheminés sudétis ir struktiros jtaka medienos frezavimo
jrankiy dilimui. Eksperimentui atlikti buvo lyginami dviejy skirtingy plieno markiy
medienos frezavimo jrankiai. Pirmoji peiliy grupé pagaminta i§ legiruoto jrankiy
plieno (8X6H®T); antroji grupé — tai greitapjovio plieno HS 18-0-1 (LST EN ISO
4957:2003) trijy gamintojy pagaminti frezavimo peiliai (1 priedas).

Tyrimo metu nustatyta, kaip kinta frezavimo jrankio asmeny suapvalinimo
spindulio p, aSmeny sutrumpéjimo pusiaukampinés kryptimi A, ir pjovimo galios P
vertés. Tyrimai atlikti frezuojant azuolo medienos bandinius vienu pjovimo
(v=31m/s) ir keturiais skirtingais pastimos greiciais (= 3,00; 6,00; 9,00 ir
12,0 m/min). Vidutinis drozlés storis @ buvo kei¢iamas netiesioginiu btidu, keic¢iant
pastima vienam pjovikliui (u-=0,50; 1,00; 1,50 ir 2,00 mm). Frezavimo peiliy
dilimas buvo tiriamas frezuojant bandinius iki 3200 m pjovimo kelio L atkarpos.

3.5.1. Peiliy plieny cheminé sudétis ir struktiira

Frezavimo peiliai Nr. 1, pagaminti i$ legiruoto jrankiy plieno 8X6H®T (pagal
GOST 5950-73), kurio kietis 57 HRC. Toks kietumas gaunamas po griidinimo ir
atleidimo 250°C temperatiiroje. Plieno mikrostruktiiroje (2 priedas) matome atleista
martensitg ir karbidinius intarpus. Smulkiis dispersiniai karbidai iSsidéste tolygiai,
taiau kai kuriuose jrankio vietose yra stambiy pirminiy karbidy. 3 ir 4
mikrostruktiiroje (3.5.1 pav., a ir b) matomas nedidelis karbidinés fazés i$sidéstymo
eiletumas. Sj karbidy i$sidéstymo pobiidj pagal pateikta karbidinio nevienodumo
vertinimo st andartg galima vertinti kaip 2 balo.

3.5.1 pav. Legiruoto jrankiy plieno 8X6H®DT (pagal GOST 5950-73) mikrostruktiira

Frezavimo peiliai Nr. 2 pagaminti i§ daugiavolframio greitapjovio jrankiy
plieno HS 18-0-1 (pagal NF A 35-590), kurio sudétyje yra 18 proc. volframo. Plieno
kietumas 61 HRC, gaunamas po grudinimo ir atleidimo 320°C arba 620°C
temperatiiroje. Sis peilis buvo atleistas Zemesnéje temperatiiroje. Plieno
mikrostruktiirg (3 priedas) sudaro austenito ir martensito misinio griideliai. [Smatavus
vidutinj griideliy dydj, gautas Nr. 11. Gautas rezultatas parode, kad griidinimas
atliktas pagal $ios markés plienui biidingg terminio apdorojimo technologija. Taciau,
atleidus peilj 320°C temperatiiroje, nepasiekiamas antrinis kietumas, ir plienas
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nepasizymi Siluminiu patvarumu. Karbidiné¢ faz¢ iSsidésciusi gana tolygiai; matomi ir
stambesni pirminiai karbidai (3.5.2 pav., a ir b).

3.5.2 pav. Daugiavolframio greitapjovio jrankiy plieno HS 18-0-1 (pagal NF A 35-590)
mikrostruktiira

Frezavimo peiliai Nr. 3 pagaminti i§ daugiavolframio greitapjovio jrankiy
plieno HS 18-0-1 (pagal DIN 17350), kurio sudétyje yra 18 proc. volframo. Peilio
kietumas 61 HRC, gaunamas po gradinimo ir atleidimo 320°C arba 620°C
temperatiiroje. Sis plienas buvo atleistas Zemesnéje temperatiiroje. Plieno
mikrostruktiirg sudaro austenito ir martensito miSinio griideliai (4 priedas). ISmatavus
vidutinj griudeliy dydj, gautas Nr. 11, vadinasi, grudinimas buvo atliktas esant
reikiamai S§ios markés plienams temperatiirai. Taciau, atleidus peilj 320°C
temperatiiroje, nepasiekiamas antrinis kietumas, ir plienas nepasizymi atsparumu
kaitrai. Karbidiné¢ fazé iSsidésCiusi gana tolygiai; matomi ir stambesni pirminiai
karbidai (3.5.3 pav., airb).

3.5.3 pav. Daugiavolframio greitapjovio jrankiy plieno HS 18-0-1 (pagal DIN 17350)
mikrostruktiira

Frezavimo peiliai Nr. 4 pagaminti i§ daugiavolframio greitapjovio jrankiy
plieno HS 18-0-1 (pagal UNI 2955), kurio sudétyje yra 18 proc. volframo. Peilio
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kietumas 61 HRC, gaunamas po griidinimo ir atleidimo 300°C arba 620°C
temperatiiroje.

3.5.4 pav. Daugiavolframio greitapjovio jrankiy plieno HS 18-0-1 (pagal UNI 2955)
mikrostruktiira

Didesné tikimybé, kad peilis buvo atleistas aukstesnéje temperatiiroje arba grudinant
nebuvo pasiekta reikiama grudinimo temperatira, nes mikrostruktiiros pagrinda
sudaro atleistas martensitas. Plieno mikrostruktiiroje (5 priedas) matome atleisto
martensito ir smulkiy dispersiniy karbidy pagrindg. Smulkiis dispersiniai karbidai
iSsidéste tolygiai. Mikrostruktiiroje matomi gana stambus pirminiy karbidy intarpai.
Peilio mikrostruktiiroje (3.5.4 pav.,a ir b) matomas $viesios gausiau legiruotos
juostos, tai legiravimo elementy likvacija. Likvacijos juostose griidinant isliko didelis
lickamojo austenito kiekis, kuris nevirto j martensitag atleidimo metu. Vadinasi,
atleidimo temperatira buvo nepakankama. Daugkartinis atleidimas, kuris visiskai
atleisty visg peilio skerspjtvj, nebuvo atliktas.

3.5.2. Plieno cheminés sudéties ir struktiiros jtaka aSmeny mikrogeometrijos
parametrams

Analizuojant gautus rezultatus (3.5.5 pav.) pastebéta, kad visi keturi frezavimo
peiliai (Nr. 1; 2; 3 ir4) dyla désningali, t. y. pagal jprastinj medienos frezavimo jrankiy
dilimo mechanizma. Galima isskirti keturias jrankio dilimo fazes. Pirmoji dilimo fazé
iki 400 m, antroji — nuo 400 iki 800 m, tre¢ioji — nuo 800 iki 1600 m ir ketvirtoji —
nuo 1600 iki 3200 m pjovimo kelio atkarpos.

Visi keturi frezavimo jrankiai (Nr. 1; 2; 3 ir 4) intensyviausiai dyla iki 400 m
pjovimo kelio L ribos iStrupant aSmenims. Intensyvus dilimas pastebimas esant
visoms pastimos vienam pjovikliui (u: = 0,50; 1,00; 1,50 ir 2,00 mm) vertéms.

Pjovimo kelio L atkarpoje nuo 400 iki 800 m dilimo intensyvumas sulétéja,
aSmeny suapvalinimo spindulio p padidéjimas sumazéja. Dilimg iStrupant palaipsniui
keicia tolygusis tribologinis dilimas, kuris btidingas visiems keturiems jrankiams.
Siame etape pastebimas didesnis rezultaty skirtumas tarp visy keturiy jrankiy.
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3.5.6 pav. Plieno cheminés sudéties jtaka aSmeny sutrumpéjimui pusiaukampinés kryptimi A4,
esant jvairioms pastimos vienam pjovikliui u. vertéms: a — u. = 0,50 mm; b — . = 1,00 mm,;
¢c—u,=1,50 mm; d — u, =2,00 mm
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Pjovimo kelio atkarpoje nuo 800 iki 1600 m visy keturiy jrankiy dilimas
sulétéja. Siame etape pastebima visy jrankiy dilimo proceso stabilizacija.
Analizuojant rezultatus, nepastebéta staigiy aSmeny suapvalinimo spindulio p ir
sutrumpg¢jimo 4, padidéjimo verciy pokyc€iy, todél galima teigti, kad visi jrankiai dyla
tolygiai pagal tribologinio dilimo désnius.

Pjovimo kelio atkarpoje nuo 1600 iki 3200 m visy keturiy jrankiy dilimas ypac
sulétéja. ASmeny suapvalinimo spindulio p padidé¢jimas tampa artimas tiesinei
priklausomybei. Siame etape matoma visy jrankiy dilimo proceso stabilizacija.
Analizuojant rezultatus nepastebéta staigiy aSmeny suapvalinimo spindulio p
padidéjimo reikSmiy poky¢iy, todél galima teigti, kad visi jrankiai pereina j tolygaus
dilimo etapa.

Apibendrinant gautus rezultatus nustatyta, kad aSmeny sutrumpéjimo
pusiaukampinés kryptimi A4, vertés (3.5.6 pav.) pasiskirst¢é pagal panaSius
désningumus, kaip ir aSmeny suapvalinimo spindulio p vertés. Galima teigti, kad gauti
désningumai yra universalls ir patvirtina plieny cheminés sudéties ir strukttros jtaka
frezavimo jrankiy dilimui.

Analizuojant rezultatus jvairiose pjovimo kelio L atkarpose, didziausias aSmeny
suapvalinimo spindulio p padidéjimas pastebétas dylant frezavimo jrankiui Nr. 1,
pagamintam i§ legiruoto jrankiy plieno 8X6H®T. Maziausiai pradinio dilimo etape
dyla jrankis Nr.4, pagamintas i§ greitapjovio plieno HS 18-0-1 (UNI 2955). Sis
skirtumas matomas esant visoms pastiimos vienam pjovikliui (. = 0,50; 1,00; 1,50 ir
2,00 mm) vertéms.

Analizuojant jrankiy dilimo rezultatus pastebéta, kad iki 100 m pjovimo kelio L
atkarpos visy frezavimo jrankiy (Nr. 1; 2; 3 ir 4) aSmeny suapvalinimo spindulio p ir
sutrumpéjimas 4, jgauna pakankamai vienodas skaitines vertes, t. y. didelio skirtumo
tarp visy keturiy jrankiy nepastebéta.

Virsijus 100 m pjovimo kelio riba, asmeny suapvalinimo spindulio p
padidéjimas intensyviau auga jrankio Nr. 1, kiek mazesnis augimas jrankiy (Nr. 2; 3
ir 4), pagaminty i§ HS plieno.

Pasiekus 200 m pjovimo kelio atkarpa, asmeny suapvalinimo spindulio p
padidéjimo vidutinis skirtumas (prie jvairiy u. verciy) tarp jrankiy Nr. 1 ir Nr. 4 sudaré
25,7 proc.

Kitame frezavimo etape, kai buvo pasiekta 400 m pjovimo kelio atkarpa,
aSmeny suapvalinimo spindulio p padidéjimo vidutinis skirtumas (prie jvairiy u.
verciy) tarp jrankiy Nr. 1 ir Nr. 4 padid¢jo iki 32,1 proc.

Pasiekus 800 m pjovimo kelio atkarpa, jrankiy dilimo intensyvumas palaipsniui
sumazéja. Sioje pjovimo kelio atkarpoje a§meny suapvalinimo spindulio p padidéjimo
vidutinis skirtumas (prie jvairiy u. verciy) tarp jrankiy Nr. 1 ir Nr. 4 sudaré 36 proc.

Pastebéta, kad, pasiekus 1600 m pjovimo kelio atkarpa, visy jrankiy dilimas
stabilizuojasi. ASmeny suapvalinimo spindulio p vertés padidéja labai nedaug.
Asmeny suapvalinimo spindulio p vidutinis skirtumas (prie jvairiy u. verciy) tarp
jrankiy Nr. 1 ir Nr. 4 sudaré 34 proc.

Pasiekus 3200 m pjovimo kelio atkarpa, aSmeny suapvalinimo spindulio p
vidutinis skirtumas (prie jvairiy u. verciy) tarp jrankiy Nr. 1 ir Nr. 2 sudaré 33,6 proc.,
tarp Nr. 1 ir Nr. 3 — 32,8 proc. ir tarp Nr. 1 ir Nr. 4 — 32,9 proc.
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Taip yra dél skirtingos peiliy plieny cheminés sudéties ir struktiiros (1 priedas).
Greitapjoviai plienai turi daugiau anglies, molibdeno, volframo, mangano, fosforo,
vario, aliuminio ir alavo (Pavaras, Zvinys, 1995).

Legiruoto jrankiy plieno 8X6H®T, palyginti su atspariausiu dilimui
greitapjoviu plienu HS 18-0-1 (UNI 2955), chemingje sudétyje yra daugiau anglies ir
chromo, taCiau maziau mangano ir volframo (1 priedas). Be to, Sio plieno kietumas
mazesnis uz paminéto HS plieno (2.2.1 lent.). Tai susij¢ su plieno chemine sudétimi
ir terminiu apdirbimu.

Palyginus i$ jvairiy greitapjovio plieno (HS) markiy pagaminty jrankiy (Nr. 2; 3
ir 4) dilimo rezultatus, nustatyta, kad intensyviausiai dyla jrankis Nr. 2. Antrasis pagal
dilimo intensyvumg jrankis Nr. 3, o atspariausias dilimui — jrankis Nr. 4. Analizuojant
gautus rezultatus akivaizdu, kad jtakos turi plieny cheminé sudétis, struktiira ir
kietumas (2—5 priedai).

Visi jrankiai (Nr. 2; 3 ir 4) pagaminti i§ HS plieny, kuriy sudétyje legiruojanciy
cheminiy priemaiSy kiekis artimas arba atitinka standarty leidZiamas paklaidas
(1 priedas). Taip pat Sie jrankiai yra vienodo kietumo (61 HRC). HS plieny
mikrostruktiiros analizés rezultatai parodé, kad jrankiy Nr. 2 ir 3 terminis apdorojimas
yra vienodas, taip pat nustatytas austenito ir martensito misinio griideliy dydis Nr. 11.
Jrankio Nr. 4 mikrostrukttra skiriasi. Didesné tikimybé, kad peilis buvo atleistas
aukstesnéje atleidimo temperatiiroje arba griidinant nebuvo pasiekta reikiama
grudinimo temperattira, nes mikrostruktiros pagrinda sudaro atleistas martensitas.
Plieno mikrostruktiiroje (5 priedas) matome atleisto martensito ir smulkiy dispersiniy
karbidy pagrinda. Smulkis dispersiniai karbidai i$sidéste tolygiai. Mikrostruktiroje
matomi gana stambis pirminiy karbidy intarpai. Peilio mikrostruktiiroje (5 priedas)
matomos Sviesios gausiau legiruotos juostos, tai rodo, kad peilio ruosinys turéjo
legiruojanciy elementy likvacija. Likvacinése juostose grudinant isliko padidéjes
lickamojo austenito kiekis, kuris nevirto j martensita atleidimo metu. Vadinasi,
atleidimo procesas nebuvo iki galo atliktas. Nebuvo atliktas daugkartinis atleidimas,
kuris visiSkai atleisty visa peilio skerspjuvi. Taciau §is terminio apdorojimo atvejis
neturéjo jtakos jrankio atsparumui dilimui. Dilimo etape (iki L = 3200 m) frezavimo
jrankis Nr. 4 buvo patvariausias. Galima teigti, kad terminio apdorojimo rezimy jtaka
frezavimo jrankiy patvarumui yra akivaizdi ir turi biiti tiriama atskirai,
nepriklausomai nuo $iy tyrimy.

Analizuojant pastimos vienam pjovikliui u«. jtaka aSmeny suapvalinimo
spinduliui p ir sutrumpéjimui 4,, nustatyta, kad visi jrankiai (Nr. 1; 2; 3 ir 4), esant
skirtingoms pastiimos vienam pjovikliui u. vertéms, dyla nevienodai (3.5.7 ir
3.5.8 pav.). Gauti rezultatai parode¢, kad, didéjant pastimos vienam pjovikliui u.
vertéms, aSmeny suapvalinimo spindulio p ir sutrumpéjimo A, vertés padidéja.

Galima isskirti keletg periody, kuriuose jrankiy dilimas vyksta pagal skirtingus
désningumus. Pastimos vienam pjovikliui u. poveikis yra maziau ryskus pjovimo
kelio L atkarpoje iki 200 m. Analizuojant gautus rezultatus (3.5.5 pav., a) pastebéta,
kad skirtumas tarp aSmeny suapvalinimo spindulio p ver¢iy yra nedidelis. Pastimai
vienam pjovikliui u. padidéjus nuo 0,50 iki 1,00 mm, asSmeny suapvalinimo spindulio
p padid¢jimas vidutiniSkai padidéja 9,76 proc. Skirtumas tarp rezultaty, kai u- = 1,00
ir 1,50 mm, sudaré¢ 5,90 proc., o skirtumas tarp rezultaty, kai u. = 1,50 ir 2,00 mm,
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sudarée tik 5,04 proc. Rezultatai parod¢, kad pradiniame jrankio dilimo etape iki 200 m
pjovimo kelio L atkarpos pastiimos vienam pjovikliui u. jtaka yra nedidelé.

Pjovimo kelio L atkarpoje nuo 200 iki 800 m pastebimas akivaizdus skirtumas
tarp jrankio dilimo rezultaty. Siame etape rezultaty pokytis, t. y. asmeny suapvalinimo
spindulio p padidéjimas, kinta spar¢iau. Pastiimos vienam pjovikliui u. jtaka tampa
didesné. Padidéja skirtumai tarp rezultaty. Pastimai vienam pjovikliui u. padidéjus
nuo 0,50 iki 1,00 mm, aSmeny suapvalinimo spindulys p padidéja 8,89 proc.
Skirtumas tarp rezultaty, kai buvo frezuojama esant u-= 1,00 ir 1,50 mm, sudaré
2,39 proc. Padidéjus pastiimai vienam pjovikliui #: nuo 1,50 iki 2,00 mm, skirtumas
tarp aSmeny suapvalinimo spindulio p rezultaty sudaré tik 4,60 proc. Gauti rezultatai
parodé, kad siame dilimo etape pastiimos vienam pjovikliui u. jtaka sustipréja.

Pjovimo kelio L atkarpoje nuo 800 iki 1600 m skirtumas tarp jrankio dilimo
rezultaty proporcingai didéja. Taciau dideliy pokyciy nepastebéta. ISlieka panasi
tendencija, kaip ir etape nuo 200 iki 800 m. Vidutinis skirtumas tarp jrankio dilimo
rezultaty, padidéjus pastimai vienam pjovikliui #. nuo 0,50 iki 1,00 mm, buvo
5,12 proc. Skirtumas tarp rezultaty, kai buvo frezuojama esant pastiimai vienam
pjovikliui u.=1,00 ir 1,50 mm, sudaré 2,35 proc. Padidéjus pastiimai vienam
pjovikliui u- nuo 1,50 iki 2,00 mm, skirtumas tarp aSmeny suapvalinimo spindulio p
rezultaty sudare 3,90 proc. Pastiimos vienam pjovikliui u. jtaka iSlieka tokia pati.

Pjovimo kelio L atkarpoje nuo 1600 iki 3200 m asSmeny suapvalinimo spindulio
p padidéjimas labai sulétéja, kadangi jgauna maziausias vertes. Galima teigti, kad
rezultatai kinta désningai. Vidutinis skirtumas tarp jrankio dilimo rezultaty, padidéjus
pastiimai vienam pjovikliui - nuo 0,50 iki 1,00 mm, buvo 4,69 proc. Skirtumas tarp
rezultaty, kai buvo frezuojama esant pastimai vienam pjovikliui «. = 1,00 ir 1,50 mm,
sudaré 3,00 proc. Padidéjus pastiimai vienam pjovikliui u#. nuo 1,50 iki 2,00 mm,
skirtumas tarp aSmeny suapvalinimo spindulio p rezultaty sudaré 3,25 proc. Rezultatai
parodé, kad pastiimos vienam pjovikliui u. jtaka iSlieka nepakitusi.

Apibendrinus rezultatus nustatyta, kad, pastimai vienam pjovikliui u. didéjant,
visy frezavimo jrankiy (Nr.1;2;3 ir 4) aSmeny suapvalinimo spindulio p ir
sutrumpéejimo A, vertés didéja, t.y. jrankis dyla intensyviau. Gauti rezultatai
patvirtina pjovimo teorijos teiginius, kad, frezuojant medieng ir didinant vidutinj
drozlés storj a, jrankio asmenys dyla intensyviau. Taip pat buvo nustatyta, kad,
nupjaunant mazesnio vidutinio storio drozles, jrankis intensyviau dyla pagal
uzpakalinj pavirsiy. Trinties jégos, veikiancios jrankio priekinj pavirsiy, poveikis yra
palyginti nedidelis. O uzpakalinio pavirSiaus kontakto kelias dél slydimo yra didesnis,
palyginti su priekiniu. Didinant drozlés storj a, didéja trinties jéga ir kontakto ilgis,
veikiantis priekinj pjoviklio pavirsiy (Richter ir kt., 1995; Laszewicz ir kt., 2013).
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ASmeny suapvalinimo spindulys p, pm

ASmeny suapvalinimo spindulys p, pm
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3.5.7 pav. Pastimos vienam pjovikliui #., mm jtaka aSmeny suapvalinimo spinduliui p: a —
jrankis Nr. 1, b — jrankis Nr. 2; ¢ — jrankis Nr. 3; d — jrankis Nr. 4



ASmeny sutrumpéjimas Az, um

ASmeny sutrumpéjimas A, um
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ASmeny sutrumpéjimas Az, um

ASmeny sutrumpéjimas Az, um
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3.5.8 pav. Pastiimos vienam pjovikliui #-, mm jtaka aSmeny sutrumpéjimui 4,

pusiaukampinés kryptimi: a — jrankis Nr. 1, b — jrankis Nr. 2; ¢ — jrankis Nr. 3; d — jrankis

Nr. 4
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3.5.3. Plieny cheminés sudéties ir struktiiros jtaka pjovimo galiai

Analizuojant pjovimo galios P rezultatus (3.5.9 ir 3.5.10 pav.) nustatyta, kad
didziausios skaitinés vertés gaunamos, kai frezuojama jrankiu Nr. 1, vidutinés — kai
Nr. 2 bei Nr. 3, ir maZiausios, kai Nr. 4. Si tendencija pastebéta esant visoms pastimos
vienam pjovikliui (z- = 0,50; 1,00; 1,50 ir 2,00 mm) vertéms.

Intensyviausiai pjovimo galia P didéja pjovimo kelio L atkarpoje iki 200 m. Tai
susije su visy frezavimo jrankiy (Nr. 1; 2; 3 ir 4) aSmeny pjaunanciosios briaunos
vir§iinés istrupéjimais. Sioje pjovimo kelio atkarpoje ypa¢ sparciai didéja asmeny
suapvalinimo spindulio p ir aSmeny sutrumpéjimo pusiaukampinés kryptimi 4, verciy
pricaugiai.

Pjovimo kelio L atkarpoje nuo 200 iki 400 m pastebimas galios P padidéjimo
sumazejimas. Pjovimo procesas stabilizavosi, kadangi visy keturiy jrankiy (Nr. 1; 2; 3
ir 4) aSmenys palaipsniui pereina i§ dilimo iStrupant j plastisSko dilimo faze.

Pjovimo kelio L atkarpoje nuo 400 iki 800 m pastebimas labai nedidelis, taciau
netiesinis pjovimo galios P padidéjimas. Siame etape frezavimo jrankio a$menys
pradeda dilti tolygiai, be iStrup&jimy.

Pjovimo kelio L atkarpoje nuo 800 iki 1600 m pastebimas labai nedidelis, taciau
tiesinis pjovimo galios P padidéjimas. Pjovimo galios P skirtumas (3.5.9 pav., a) kelio
atkarpoje L = 1600 m (kai «. = 0,50 mm) tarp jrankiy Nr.1 ir Nr.2 buvo 7,14 proc.,
tarp Nr. 1 ir Nr. 3 — 9,52 proc., o tarp Nr. 1 ir Nr. 4 — 11,9 proc. Pastiimai vienam
pjovikliui u. padidéjus iki 2,00 mm, pjovimo galios P skirtumas (3.5.9 pav., d) tarp
jrankiy Nr. 1 ir Nr. 2 buvo 4,71 proc., tarp Nr. 1 ir Nr. 3 — 8,24 proc., o tarp Nr. 1 ir
Nr. 4-9,41 proc. Sie duomenys tik patvirtina, kad visi frezavimo jrankiai (Nr. 1; 2; 3
ir 4) po 1600 m pjovimo kelio palaipsniui pereina j monotoninio dilimo etap3.

Pjovimo kelio L atkarpoje nuo 1600 iki 3200 m pjovimo kelio ribos pjovimo
galios P vertés auga labai létai. Nedaug rezultatai padidéjo esant visoms pastimos
vienam pjovikliui (. = 0,50; 1,00; 1,50 ir 2,00 mm) vertéms. Siame etape jrankio
aSmeny dilimas palaipsniui stabilizuojasi, aSmeny mikrogeometrijos charakteristiky
rezultaty padidéjimas sumazgja. Irankio aSmeny dilimas palaipsniui pereina |
monotoninio dilimo stadija.

Apibendrinus rezultatus nustatyta, kad frezavimo jrankiy plieny cheminé
sudétis ir terminis apdorojimas turi jtakos aSmeny dilimui.
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Peiliai Nr. 3 0,965 -40,4-10°3 2,97-1073 -8,69-10°3 8,32:107
Peiliai Nr. 4 0,964 -59,3-10°3 4,69-1073 -13,9-10° 13,2:107

d
3.5.9 pav. Plieno cheminés sudéties jtaka pjovimo galiai P esant jvairioms pastiimos vienam
pjovikliui u. vertéms: a — . = 0,50 mm; b — . = 1,00 mm; ¢ — . = 1,50 mm; d —
u, = 2,00 mm
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—C ° ® A L
400 f’/._
= 350 # x &
t — ] Peiliai Nr. 1 #Uz=0,50mm (R? = 0,992)
T 300 ‘i“/r Azuolo mediena mUz=1,00mm (R?=0,982)
e v=31mis AUz=1,50mm (R?=0,997)
3 ®Uz=2,00mm (R?=0,994)
o 250 = /‘___bﬂi L L
200 z:j * * * —
.
150
0 500 1000 1500 2000 2500 3000 3500
Pjovimo kelias L, m
b ¢ d e L
P = Pmax(a+;+ﬁ+x—3+x_4),wi X = Lax
a b c d e
u- = 0,50 mm 1,02 -11,9-1073 61,0-10°° -1,43-10° 1,13-107
u:= 1,00 mm 1,01 -22,4-1073 1,44-10° -4,02-10°5 3,71-107
u:= 1,50 mm 1,01 -442-107 3,68-1073 11,1-10°5 1,07-10°¢
u:= 2,00 mm 0,991 -18,0-1073 98,7-107° -2,54-10° 2,27-1077
a
450
400 e o =
Peiliai Nr. 2 4Uz=0,50mmm (R*=0,980)
Azuolo mediena MUz=1,00mm (R? = 0,986)
2 350 v=31mis -AUz=1,50mm (R?=0,984)
Q ®Uz=2,00mm (R?=0,988)
g o A A A
© x
S 300
g
o
8.
250 [P —— — -
200 1 * > = + +
150
0 500 1000 1500 2000 2500 3000 3500
Pjovimo kelias L, m
a b c d e
uz= 0,50 mm 1,01 -3,94-1073 -5,35-10° 6,94-10° -9,99-108
u-= 1,00 mm 0,995 -22,5-1073 1,59-10°° -4,72-10° 4,53-107
u:= 1,50 mm 1,00 -64,7-1073 4,45-1073 -12,2-10° 1,13-10°
u-= 2,00 mm 0,984 -36,4-1073 1,95-10°3 -4,79-10° 4,21-107
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400

- T T T T
(] @ @ | L4 | | ®
Peiliai Nr. 3 ®Uz=0,50mm (R?=0,986)
S ’ WUz =1,00mm (R2=0,989)
350 ﬁug?:ormsd'ena‘wp 1,50 mm (R? = 0,082)
= ®Uz=2,00mm (R2=0,981)
i - a
5 300 ‘m/‘_/‘
®
o
£
3 250
o
| @& ——® | ®u - = =
200 #) - - - -
150
0 500 1000 1500 2000 2500 3000 3500
Pjovimo kelias L, m
a b c d e
u: = 0,50 mm 1,00 -2,55-1073 19,9-10° 1,15-107 -1,43-107
uz = 1,00 mm 0,976 3,64:1073 -6,21-107 1,96-107 -2,04-107
u: = 1,50 mm 0,991 -43,8-1073 3,65-103 -11,1-10° 1,08-10°¢
uz = 2,00 mm 0,965 -40,4-1073 2,97-1073 -8,69-10° 8,32:1077
C
400
350
=
al - A
o 300 =
g Peiliai Nr. 4 ®Uz=0,50mm (R*=0,994)
g f Azuolo mediena BUz=1,00mm (R?=0,984)
'z 250 v=31mis .AUz=1,50mm (R2=0,982)
o ®Uz=2,00mm (R?=0,985)
200 7-: " - -
150
0 500 1000 1500 2000 2500 3000 3500
Pjovimo kelias L, m
a b c d e
u:= 0,50 mm 0,990 1,86-107 -31,6-10° 9,35-10°° -8,81-10°8
uz = 1,00 mm 0,977 -9,76-1073 -3,22-10° 1,23-10°3 -1,84-107
u: = 1,50 mm 0,974 -58,3-1073 4,13-1073 -11,2:10° 1,01-10°¢
u: = 2,00 mm 0,964 -59,3-1073 4,69-1073 -13,9-10° 13,2-107

d

3.5.10 pav. Pastiimos vienam pjovikliui ., mm jtaka pjovimo galiai P: a — jrankis Nr. 1, b

— jrankis Nr. 2; ¢ — jrankis Nr. 3; d — jrankis Nr. 4

95



4. JRANKIO DILIMO JTAKA FREZUOTO PAVIRSIAUS KOKYBEI

4.1. Irankio dilimo jtaka berZo medienos frezuoto pavirsSiaus kokybei

Buvo tiriama frezavimo jrankio dilimo jtaka berzo medienos apdirbto pavirSiaus
SiurkStumui. Pagrindiniai pavirSiaus SiurkStumg lemiantys veiksniai yra aSmeny
suapvalinimo spindulys p, pjovimo greitis v ir pastiima vienam pjovikliui u.. Tyrimams
atlikti buvo paruosti trys legiruoto jrankinio plieno 8X6H®T peiliai (Nr. 1), kuriy
aSmeny suapvalinimo spindulys p=7; 20 ir 40 um. Keiciant pastimg vienam
pjovikliui (u- = 0,50; 1,00; 1,50 ir 2,00 mm), buvo keiciamas vidutinis drozlés storis a
ir pastimos greitis u. BerZo medienos bandiniai buvo frezuojami isilgai pluosto trimis
skirtingais pjovimo greiciais (v =22; 31 ir 40 m/s).

Atlikus tyrimus buvo nustatyta pjoviklio aSmeny suapvalinimo spindulio p,
pastimos vienam pjovikliui u. ir pjovimo greicio v jtaka berzo medienos apdirbto
pavirsiaus SiurkStumui Rm ... Apdirbto pavirSiaus Siurk§tumas buvo tiriamas iSilgai
pluosto.

Didziausig jtakg pavirSiaus SiurkStumui Rwmi .. turi aSmeny suapvalinimo
spindulys p. Did¢jant asmeny suapvalinimo spindulio p vertéms, esant visoms
pastimos vienam pjovikliui (z-=0,50; 1,00; 1,50 ir 2,00 mm) ir pjovimo greicio
(v=122; 31 ir 40 m/s) vertéms, apdirbto pavirSiaus kokybé blogéja (4.1.1 pav.), t.y.
pavirsiaus Siurk§tumo Rm . vertés didéja. Maziausias pavirSiaus Siurk§tumas Rm max
gautas frezuojant astriu jrankiu (p =7 pm) (4.1.1 pav., a), o didziausias — atSipusiu
(p =40 um) (4.1.1 pav., c).

Did¢jant aSmeny suapvalinimo spinduliui p nuo 7 iki 40 pum, pavirSiaus
SiurkStumo Rm ... skaitinés vertés vidutiniSkai padidéja 70 proc. Galima teigti, kad,
pjoviklio aSmeny suapvalinimo spinduliui p padidéjus 1 pm, apdirbto pavirSiaus
SiurkStumas Rm mqx vidutiniskai padidéja 5 proc. Tai susij¢ su pjovimo jrankio dilimo
mechanizmu. Didéjant aSmeny suapvalinimo spinduliui p, padidéja pjaunanciosios
briaunos plotis b, kuris lemia pjovimo jégos F padid¢jima. Kai aSmeny suapvalinimo
spindulys p priartéja prie 30 pm vertés, pjoviklis laikomas atSipusiu ir privalo biti
galandamas. Toliau didéjant peilio suapvalinimo spinduliui p, prasideda
nepageidaujamas slydimo apdirbamu pavirSiumi procesas. Pjoviklio aSmenys slysta
pavir$iumi, jj deformuodami ir gniuzdydami. Dél pluosto tampriosios deformacijos
pavirSius amortizuoja peilio asmeny gniuzdomajj poveikj. Taciau dél plastiniy ir
liekamyjy deformacijy pries pjoviklio aSmenis susidaro tamprus medienos sluoksnis,
kuris ritasi tarsi bangelé. Kai $io pavirSinio sluoksnio jtempimai pasiekia kriting riba,
prasideda irimo procesas. Triikus pluostui, peilio aSmenys jeina j medieng. Tai slydimo
periodo pabaiga ir jpjovimo pradzia. Pjovimo periodo metu pjoviklio asmenys,
ardydami pluosta, atskiria vis naujus sluoksnius. Dél slydimo periodu jvykusiy
tampriyjy pakitimy pluosto atitrikimo vieta yra nutolusi nuo pjovimo zonos gerokai i
priekj. Dél Sios priezasties pablogéja pavirSiaus kokybé, atsiranda pluosto
pasisiausimy ir iSskaldymy. Tai patvirtina rezultatai, gauti, kai pjoviklio aSmeny
suapvalinimo spindulys p =40 um (4.1.1 pav., c).

Analizuojant gautus rezultatus galima teigti, kad, didinant pjovimo greitj v nuo
22 iki 40 m/s, esant visoms pjoviklio aSmeny suapvalinimo spindulio (p = 7; 20 ir
40 um) ir pastimos vienam pjovikliui (u.=0,50; 1,00; 1,50 ir 2,00 mm) vertéms,
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pastebétas pavirSiaus SiurkStumo Rm e verciy sumaze¢jimas (4.1.2 pav.). Didéjant
pjovimo greiciui v, sumazéja nupjaunamos drozlés vidutinis storis a ir sumazéja
pjovimo jéga Fy. Didziausios pavirSiaus Siurk§tumo Rm ,qx vertés gautos, kai pjovimo
greitis v =22 m/s, o maziausios — kai v =40 m/s.

Didéjant pjovimo greiiui v, pavirSiaus Siurk§tumo Rm e vertés vidutiniSkai
sumazéja: kai jrankis astrus (p = 7 um) — 8 proc. (4.1.2 pav., a), kai vidutiniskai atSipes
(p =20 um) — 20 proc. (4.1.2 pav., b) ir kai visiSkai atSipes (p =40 um) — 17 proc.
(4.1.2 pav., ¢).

Pastimos vienam pjovikliui u. jtaka pavirSiaus SiurkS§tumui Rm ne pateikta
4.1.1 pav. I gauty rezultaty nustatéme, kad, didinant pastiimg vienam pjovikliui u:,
pavirSiaus SiurkStumo kokybé bloge¢ja. Did¢jant pastimai vienam pjovikliui u:,
padidéja vidutinis droZlés storis a, taCiau sumazéja pluosto tamprusis atsistatymas.
Drozlé nupjaunama tik tuomet, kai jos vidutinis storis « yra daug didesnis uz pjoviklio
aSmeny suapvalinimo spindulj p. Tai patvirtina gauti rezultatai. Kai pjoviklio aSmeny
suapvalinimo spindulys p = 7 um, pavirsiaus SiurkStumo Rm . reikSmés proporcingai
did¢ja, did¢jant pastimai vienam pjovikliui #- nuo 0,50 iki 1,50 mm (4.1.1 a ir pav.,
b). Kai pastima vienam pjovikliui u.=2,00 mm, pastebétos gerokai didesnés
paviriaus Siurk§tumo Rm . skaitinés vertés. Si tendencija pasikartoja ir esant
likusioms pjoviklio aSmeny suapvalinimo spindulio (p =20 ir 40 pm) vertéms.
Did¢jant drozlés vidutiniam storiui a, proporcingai padidéja bangos ilgis /, ir bangos
gylis 4, bei pjovimo jéga Fy. Medienos pluostui atpjauti naudojama didesné pjovimo
jéga Fi, o drozlés susidarymo procesas vyksta daug grei¢iau. Apdirbtame pavirSiuje
padidéja defekty skaiCius. PavirSius tampa labiau banguotas, pasireiskia pavirSiaus
pukuotumas, SiauStumas, iStrup¢jimai bei nelygumai pagal metines rieves. Tai
patvirtina gauti rezultatai, kai pjoviklio aSmeny suapvalinimo spindulys p =40 um
(4.1.1 pav., c).

Atlikus literatiiros Saltiniy apzvalga, pastebéta, kad daugiausia pavirSiaus
Siurkstumo tyrimy atlikta apdirbant minkstyjy ir kietyjy lapuocCiy medieng (Richter ir
kt., 1995; Ohta ir kt., 1995; Tourantier, 1999; Buehlmann ir kt., 2001; Bledzki, Faruk,
2005; Costes, Larricq, 2002; De Meijer ir kt., 2000). Spygliuo¢iy medienos pavirSiaus
Siurk$tumas tyrinétas maziau.

K. I. Demjanovskyj savo darbe (1968) paskelbé iSsamius tyrimy rezultatus apie
jvairiy veiksniy jtakg spygliuociy ir lapuociy medienos pavirSiaus SiurkStumui. Jis
atliko daugiausia kompleksiniy tyrimy su jvairiomis Rusijos teritorijoje augusiomis
medienos rusimis. M. Ohta ir B. Kawasaki (1995) tyré jvairiais pjovimo rezimais
apdirbto japonisko maumedzio medienos pavirSiaus Siurkstuma. Maumedis priklauso
spygliuo¢iy medienos grupei, todél gauty rezultaty skaitiniy reikSmiy palyginti
negalime. Taciau galima tirti jvairiy veiksniy jtakos tendencijas. J. P. Costes ir
P. Larricq (2002) savo tyrimams atlikti naudojo drégna ir sausg buko medieng.
Kadangi bukas ir berzas priklauso tai paciai minkStyjy lapuociy grupei, jy fizikinés-
mechaninés savybés labai panasios. Gautus rezultatus galima palyginti.

Analizuojant Siy autoriy darbus pastebéta, kad didziausig jtakg pavirSiaus
SiurkStumui turi Sie pagrindiniai veiksniai: medienos risis, pavirSiaus frezavimo biidas,
aSmeny suapvalinimo spindulys, pastima vienam pjovikliui . ir pjovimo greitis v
(Meijer ir kt., 2000). Nustatyta, kad, didéjant aSmeny suapvalinimo spinduliui p,
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pavirSiaus SiurkStumas taip pat padidéja. Didéjant pastiimai vienam pjovikliui u: nuo 0
iki 3,00 mm, pavirSiaus SiurkStumas Rm ... didéja. Eksperimentais nustatyta, kad,
pjovimo greiciui v didéjant nuo 20 iki 40 m/s, pavirSiaus Siurk§tumas Rm . mazéja.
Sis désningumas galioja ne tik frezuojant isilgai, bet ir skersai medienos pluosto
(Meijer ir kt., 2000).
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4.1.1 pav. Pastimos vienam pjovikliui u. 4.1.2 pav. Pjovimo grei¢io v jtaka apdirbto
itaka apdirbto pavirSiaus  SiurkStumui pavirSiaus SiurkStumui Rm e

Rm pa: a—p =7 um; b —p =20 um; a—p=7um;b—p=20 um;

c—p =40 um c—p=40 pm

Gautus eksperimentiniy tyrimy rezultatus palyging su kity autoriy rezultatais,
galime teigti, kad jie atitinka tuos pacius désningumus. Medienos risies, pjoviklio
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aSmeny suapvalinimo spindulio p ir pastimos vienam pjovikliui u. jtaka tokia pati,
kaip ir E. Magoss (2008) darbe. Tac¢iau miisy eksperimenty metu nustatytos pavir$iaus
SiurkStumo Rm .q skaitinés vertés, veikiant jvairiems veiksniams, yra vidutiniskai
20 proc. mazesnés. Sis skirtumas yra désningas, kadangi mes atlikdami tyrimus
naudojome Lietuvoje augusig berzo medieng, kurios tankis yra mazesnis, o fizikinés-
mechaninés savybés prastesnés uz medienos augusios $iauriniuose Rusijos regionuose.
Palyginus pjovimo greiCio v jtakos pavirSiaus SiurkStumui Rm .. rezultatus su
J. P. Costes ir P. Larricq (2002), matosi, kad disertacijoje pateikty rezultaty skaitinés
vertés vidutiniSkai mazesnés 12 proc. Tai visiSkai désninga, kadangi minéti autoriai
tyré buko medieng, o Siame tyrime buvo tiriama berzo mediena. Berzo mediena yra
vidutiniskai 7 proc. minksStesné, t. y. mazesnio tankio. Palyginus miisy eksperimenty
rezultatus su M. Ohta ir B. Kawasaki (1995) tyrimy rezultatais, gautais tiriant
japonisko maumedzio medieng, pasitvirtino tos pacios jvairiy veiksniy jtakos
tendencijos. Skaitinés vertés S§iuo atveju nebuvo lyginamos, kadangi maumedis
priklauso spygliuociy grupei.

Apibendrinus rezultatus pastebéta, kad, didéjant pjoviklio aSmeny suapvalinimo
spinduliui p, apdirbto berzo medienos pavirSiaus SiurkStumas Rm ... didéja. Geriausia
pavirsiaus kokybé gaunama dirbant astriu pjovikliu (p =7 um), kadangi medienos
pluostas atpjaunamas ir formuojama spiraliné drozlé. Pjoviklio aSmeny suapvalinimo
spinduliui p pasiekus 40 um reikSme¢, mediena ne pjaunama, o deformuojama,
gniuzdoma ir presuojama. Apdirbto pavirSiaus SiurkStumas Rm .« netenkina kokybés
reikalavimy.

Did¢jant pjovimo greiciui v, apdirbto berzo medienos pavirSiaus kokybé ger¢ja,
kadangi pagreitéja drozlés susidarymo procesas ir medienos pluostas yra taisyklingai
atpjaunamas, o ne suardomas gniuzdant. Geriausia pavirsiaus kokybé gaunama dirbant
astriu pjovikliu (p = 7 um), kai pjovimo greitis v =40 m/s.

Didinant pastimg vienam pjovikliui, pavirSiaus SiurkStumas Rm ... didéja.
Didéjant pastimai vienam pjovikliui u., didéja vidutinis drozlés storis a. Padidéjus
drozlés storiui @, giluminiai medienos pluosto sluoksniai ne atpjaunami, o atpléSiami.
Geriausia pavirSiaus kokybé gaunama dirbant astriu pjovikliu (p = 7 um), kai pasttima
vienam pjovikliu u. = 0,5-1,5 mm.

4.2. Irankio dilimo jtaka jvairiy medienos rusiy frezuoty pavirsiy kokybei

Buvo tiriama frezavimo jrankio dilimo jtaka gzuolo, berzo ir pusies medienos
bandiniy apdirbto pavirSiaus SiurkStumui. Pagrindiniai pavirSiaus SiurkStuma
lemiantys veiksniai yra frezavimo jrankio aSmeny suapvalinimo spindulys p, pjovimo
greitis v ir pastima vienam pjovikliui #.. Bandiniai buvo frezuojami isilgai pluosto
frezavimo jrankiais Nr. 2, pagamintais i§ greitapjovio HS 18-0-1 plieno markeés
(LST EN ISO 4957:2003). Frezavimo jrankio aSmenys buvo modeliuojami dirbtiniu
btdu. Tyrimams atlikti buvo paruosti frezavimo jrankiai, kuriy aSmeny suapvalinimo
spindulys 10; 20; 40 ir 60 um. Kei¢iant pastimg vienam pjovikliui (u- = 0,50; 1,00;
1,50 ir 2,00 mm), buvo keiciamas vidutinis drozlés storis a ir pastimos greitis u.
Azuolo, berzo ir pusies medienos bandiniai buvo frezuojami isilgai pluosto esant trims
skirtingiems pjovimo grei¢iams (v = 22; 31 ir 40 m/s).
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Atlikus tyrimus buvo nustatyta pjoviklio aSmeny suapvalinimo spindulio p jtaka
pavirSiaus SiurkStumui Rm e frezuojant iSilgai pluoSto pusies, berZzo ir gzuolo
medienos ruosinius esant jvairioms pjovimo v bei pasttimos u greicio reikSméms.

Analizuojant gautus rezultatus (4.2.1; 4.2.2 ir 4.2.3 pav.) pastebéta, kad
spygliuo¢iy medienos pavirSiaus Siurk$tumas yra daug didesnis uz lapuociy.
Maziausios pavirSiaus Siurk§tumo Rm mqx skaitinés reik§més nustatytos tiriant gZzuolo
medieng, o didziausios — pusies. Atlikti tyrimai patvirtino, kad, esant didesniam
medienos tankiui, gaunamas mazesnis pavirSiaus SiurkStumas. Tai matyti lyginant
gzuolo ir berzo medienos pavirSius. Nors gZzuolo medienos tankis didesnis tik 9 proc.,
taCiau gautas pavirSiaus Siurk§tumas Rm .. vidutiniSskai mazesnis 20 proc.
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4.2.1 pav. PavirSiaus Siurk§tumo Rm .. priklausomybé nuo aSmeny suapvalinimo spindulio
p, kai pjovimo greitis v=22 m/s: a— u. = 0,50 mm; b — . = 1,00 mm; ¢ — «. = 1,50 mm;
d—u,=2,00 mm

Analizuojant rezultatus nustatyta, kad, didéjant pjoviklio aSmeny suapvalinimo
spinduliui p, apdirbto pavirsiaus kokybé blogéja. Si tendencija pastebéta esant visoms
pjovimo grei¢io v ir pastimos vienam pjovikliui u. vertéms. Maziausias pavir§iaus
SiurkStumas  Rm . gautas frezuojant aStriu  pjovikliu  (p=10pm), o
didziausias — atSipusiu (p = 60 pm). Pjoviklio aSmeny suapvalinimo spinduliui p
didéjant nuo 40 iki 60 um, apdirbamas pavirSius yra formuojamas ne pjaunant
medieng, bet ja deformuojant, gniuzdant bei presuojant. PusSies mediena pradeda
sluoksniuotis pagal pluosto krypti. Apdirbtame pavirSiuje atsirado iSpléSimy ir
iStrupéjimy, kuriy dydzio nebuvo galima iSmatuoti matavimo prietaisu TSP-4M.
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Dirbant su astriu pjovikliu (p = 10 um) ir didinant pastima vienam pjovikliui u,
pavirsiaus SiurkStumas padidéja. Geriausia pavirSiaus kokybé gauta, kai pastima
vienam pjovikliui u.=0,50 mm, o blogiausia, kai u,=2,00 mm. Si priklausomybé
nepriklauso nuo medienos riiSies bei pjovimo greiio v. Maziausias pavirSiaus
SiurkStumo Rm e skaitiniy reikSmiy padidéjimas pastebétas apdirbant gzuolo
mediena, didziausias — pusies.

Didinant pjovimo greitj v nuo 22 iki 40 m/s, pavirsiaus §iurk§tumas mazéja. Sis
désningumas biidingas visoms medienos riiSims. Padidéjus pjovimo greiciui v nuo 22
iki 40 m/s, gzuolo medienos SiurkStumas vidutiniSkai sumazéjo 12 proc., berzo —
11 proc., o pusies — 7 proc. Didinant pjovimo greit]j v, pavirSiaus $iurkStumo mazéjimo
désningumas iSliko esant jvairioms pjoviklio asmeny suapvalinimo spindulio p
vertéms. Galima teigti, kad, didéjant pjovimo greiciui v, pavirSiaus Siurk§tumas Ry max,
frezuojant atSipusiu pjovikliu (p = 40 ir 60 um), nekinta. Frezuojant medieng atSipusiu
pjovikliu, vyksta netaisyklingas pjovimo procesas, kurio metu apdirbamas pavirSius
susidaro deformuojant ir gniuzdant virSutinius pluosto sluoksnius (Csanady, Magoss,
2013).

Eksperimentais nustatyta, kad, didéjant pjovimo grei¢iui v, sumazéja pjovimo
jéga F ir padidéja pjovimo jrankio inercijos momentas. Frezuojant medieng astriais
ar vidutiniskai atSipusiais pjovikliais, apdirbto pavirSiaus kokybé pager¢ja. Taciau kai
pjoviklis atSipes ir vyksta netaisyklingas pjovimo procesas, pjovimo greicio jtaka
sumaz¢ja. Gauti rezultatai tai patvirtina.

Apibendrinus rezultatus nustatyta, kad aSmeny suapvalinimo spindulio p jtaka
apdirbto pavirSiaus kokybei yra didziausia. Geriausia pavirSiaus kokybé gaunama
frezuojant astriu pjovikliu (p = 10 pm). Didéjant pjoviklio a§meny suapvalinimo
spinduliui p, apdirbto pavirSiaus kokybé blogéja. Pjoviklio asmeny suapvalinimo
spinduliui p pasiekus 40 pm riba, prasideda netaisyklingas pjovimo procesas, kurio
metu mediena yra ne pjaunama, o deformuojama ir gniuzdoma. Gautas apdirbtas
pavirsius netenkina jokiy kokybés normy.

Did¢jant pastiimai vienam pjovikliui u., apdirbto pavirSiaus kokybé pablogéja.
Geriausia pavirSiaus kokybé gaunama, kai pastiima vienam pjovikliui u- = 0,50 mm,
ir kiek blogesné, kai u.=2,00 mm. Taciau apdirbto pavirSiaus kokybé atitinka
reikalavimus, jeigu frezuojama astriu (p =10 pm) arba vidutiniSkai atSipusiu
(p =20 pum) pjovikliu.

Didéjant pjovimo greiciui v, apdirbto pavirSiaus kokybé geréja. Geriausia
pavirSiaus kokybé gaunama, kai pjovimo greitis v =40 m/s, ir kiek blogesné, kai
v=22m/s.

Esant toms pacioms apdirbimo rezimo salygoms, aZuolo medienos pavirSiaus
kokybé yra geresné uz berzo ir pusies.

4.3. Irankio dilimo jtaka pusSies ir juodalksnio medienos riiiy frezuoty pavirsiy
kokybei

Buvo tiriama frezavimo jrankio Nr. 3, pagaminto i§ greitapjovio HS 18-0-1
plieno markés (LST EN ISO 4957:2003), dilimo jtaka juodalksnio ir pusies medienos
apdirbto pavirSiaus SiurkStumui. Pagrindiniai pavirSiaus SiurkStuma lemiantys
veiksniai yra aSmeny suapvalinimo spindulys p, pjovimo greitis v ir pastiima vienam
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pjovikliui u.. KeiCiant pastima vienam pjovikliui (z.=0,50 ir 1,00 mm), buvo
kei¢iamas vidutinis drozlés storis a ir pastimos greitis u. Juodalksnio ir pusies
medienos bandiniai buvo frezuojami iSilgai pluoSto dviem skirtingais pjovimo
grei¢iais (v =22 ir 40 m/s). Apdirbto pavirSiaus Siurk§tumo parametras R. buvo
matuojamas kontaktiniu adatiniu  pavirSiaus SiurkStumo matuokliu
(Mahr MarSurf PS1), kurio deimantinés adatos spindulys 2 pm, matavimo kampas
90°, 0 matavimo eiga 17,5 mm. PavirSiaus nelygumai buvo matuojami pjovimo kelio
L intervaluose: 50; 100; 150; 200; 400; 800 ir 1600 m. Viename bandinyje parinkti
penki sektoriai (17,5%17,5 mm), kuriy SiurkStumas buvo matuojamas isilgai ir skersai
pluosto.

Atlikus tyrimus buvo nustatyta pjovimo kelio L ir jrankio aSmeny suapvalinimo
spindulio p jtaka pavirSiaus SiurkStumui R., frezuojant iSilgai pluoSto pusies ir
juodalksnio medienos bandinius, esant jvairioms pjovimo v bei pastimos u greiciy
skaitinéms vertéms. Analizuojant jrankio dilimo rezultatus (4.3.1 pav.) pastebéta, kad
intensyviausiai jrankis dyla pradiniame dilimo etape iki pjovimo kelio L = 400 m ribos.
Skirtumas tarp aSmeny suapvalinimo spindulio p skaitiniy verciy, frezuojant pusies ir
juodalksnio medienos ruoginius, buvo nuo 5 iki 7 proc. Siame etape jrankis dyla
iStrupant. Pjovimo keliui L pasiekus 400 m atkarpa, jrankio dilimas palaipsniui pereina
i monotoninio dilimo etapa. Siame etape a§meny suapvalinimo spindulio p padidéjimo
intensyvumas sumazeja. [rankis dyla tolygiai, aSmeny mikrogeometrija kinta dél
temperatiirinés ir elektrocheminés korozijos (Porankiewicz ir kt., 2005). [rankio
dilimas buvo stebimas iki 1600 m pjovimo kelio atkarpos.

Analizuojant medienos riiSies jtakg jrankio dilimui, pastebéta, kad intensyviau
jrankis dyla frezuojant juodalksnio medieng, nors juodalksnio medienos tankis yra
mazesnis, palyginti su pusies mediena. Taciau pastebéta ir iSimtis: kai pastiima vienam
pjovikliui #. = 0,50 mm, didéjant pjovimo grei¢iui v nuo 22 iki 40 m/s, jrankio dilimas
yra mazesnis, palyginti su rezultatais, gautais frezuojant pusies medieng. Didéjant
pjovimo greiciui v, drozlés tiiriné dalis dél puSies medienos skalumo, veikiant
mazesnéms pjovimo jégoms, atitriksta nuo apdirbamo pavirSiaus. Lengviau
formuojama drozlé, mazéja realus pjoviklio kontakto su mediena ilgis, palyginti su
maziau skalios juodalksnio medienos frezavimu.

Analizuojant pastimos vienam pjovikliui u. jtakg aSmeny suapvalinimo
spinduliui p, nustatyta, kad, pastimai u. didéjant nuo 0,50 iki 1,00 mm, jrankio dilimo
intensyvumas mazéja. Kai pastiima vienam pjovikliui #. = 0,50 mm, intensyviausias
jrankio dilimas vyksta frezuojant juodalksnio medieng. Frezuojant puSies mediena
jrankis dyla 4 proc. maziau, palyginti su juodalksnio frezavimu.

Did¢jant pastimai u., iSauga drozlés ilgis, kartu ir teorinis aSmeny kontaktas su
mediena. Dilimo intensyvumas turéty augti, taciau did¢ja ir drozlés storis, o dél sausos
medienos skalumo priesinio frezavimo atveju realus trinties kontaktas, kartu ir aSmeny
dilimas mazéja.

Analizuojant pavirsiaus SiurkStumo rezultatus (4.3.2 ir 4.3.3 pav.) pastebéta, kad
pusies medienos pavir§iaus §iurk§tumas yra maZesnis uZ juodalksnio. Sis désningumas
nekinta, matuojant pavirSiaus SiurkS§tuma isilgai ir skersai medienos pluosto. Atlikti
tyrimai patvirtina teorija, kad, esant didesniam medienos tankiui ir mazesniam metiniy
rieviy plociui, gaunamas mazesnis pavirSiaus SiurkStumas. Nors
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4.3.1 pav. Pjovimo kelio L jtaka jrankio aSmeny suapvalinimo spinduliui p:
a—kai v=22 m/s; b —kai v=40m/s
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pusies medienos tankis didesnis tik 9 proc., taiau gautas pavirsiaus SiurkStumas R.
i8ilgai pluosto vidutiniskai mazesnis 11 proc., o skersai pluosto — 14 proc.

Analizuojant rezultaty grafikus nustatyta, kad, didéjant pjovimo keliui L ir
jrankio ameny suapvalinimo spinduliui p, apdirbto pavirsiaus kokybé blogéja. Si
tendencija pastebéta esant visoms pjovimo grei€io v ir pastiimos vienam pjovikliui u.
vertéms. Maziausias pavirSiaus SiurkStumas gaunamas frezuojant iki 200 m pjovimo
kelio ribos. Nuo 200 iki 800 m ribos pavirSiaus SiurkStumas iSilgai ir skersai pluosto
palaipsniui didéja. DidZiausios pavirSiaus SiurkStumo R. skaitinés vertés gautos, kai
pjovimo kelias 1600 m.

Didinant pastiimg vienam pjovikliui u., pavirSiaus SiurkStumas R. padidéja.
Geriausia pavirSiaus kokybé¢ gauta, kai pastima vienam pjovikliui #. =0,50 mm, o
blogesné kai u. = 1,00 mm. Si priklausomybé nepriklauso nuo medienos riigies bei
pjovimo greicio v. Maziausias pavirSiaus Siurk§tumo R. skaitiniy vertés padidéjimas
pastebétas apdirbant pusies mediena.

Didinant pjovimo greitj nuo 22 iki 40 m/s, paviriaus Siurk§tumas mazéja. Sis
désningumas biidingas abiem medienos rasims. Padidéjus pjovimo greiciui nuo 22 iki
40 m/s, pusies medienos SiurkStumas vidutiniSkai sumazéjo 12 proc., o juodalksnio —
7 proc. Didinant pjovimo greitj v, pavirsiaus SiurkStumo mazéjimo désningumas isliko
jvairiose pjovimo kelio atkarpose. Galima teigti, kad, didéjant pjovimo keliui L, jrankis
intensyviau dyla. Frezuojant medieng atSipusiu jrankiu, vyksta netaisyklingas
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frezavimo procesas, kurio metu apdirbamas pavirSius susidaro deformuojant ir
gniuzdant virSutinius pluosto sluoksnius.

Apibendrinus rezultatus nustatyta, kad intensyviausiai frezavimo jrankis dyla
frezuojant pirmuosius mazdaug 400 m pjovimo kelio. Po 400 m pjovimo kelio
frezavimo jrankis palaipsniui pereina j monotoninio dilimo stadija. Intensyviau
frezavimo jrankis dyla frezuojant juodalksnio medieng. Frezuojant pusies mediena,
jrankio dilimas sumaz¢ja 6 proc. Did¢jant pastimos ir pjovimo greiciams, frezavimo
jrankio dilimo intensyvumas sumaz¢ja.

Didziausig jtakg apdirbto pavirSiaus SiurkStumui iSilgai ir skersai pluosto turi
frezavimo jrankio aSmeny suapvalinimo spindulys. Geriausia pavirSiaus kokybé
gaunama frezuojant astriu (p < 13 um) jrankiu iki 400 m pjovimo kelio atkarpos.
Didéjant jrankio aS$meny suapvalinimo spinduliui, apdirbto pavirSiaus kokybé blogéja.

Did¢jant pastiimai vienam pjovikliui u., apdirbto pavirSiaus kokybé pablogéja.
Geriausia pavirSiaus kokybé gaunama, kai pastiima vienam pjovikliui u. = 0,50 mm,
ir kiek blogesné, kai 1. = 1,00 mm. Si priklausomybé nepriklauso nuo medienos riisies
bei pjovimo greicio v.

Didéjant pjovimo greiciui, apdirbto pavirSiaus kokybé geréja. Geriausia
pavirsiaus kokybé gaunama, kai pjovimo greitis v =40 m/s, ir kiek blogesné, kai
v =22 m/s.

Esant toms pacioms frezavimo rezimo sglygoms, apdirbtos puSies medienos
pavirSiaus kokybé yra geresné uz juodalksnio. PuSies medienos pavirSiaus
SiurkStumas R: iSilgai pluoSto vidutiniSkai mazesnis 11 proc., o skersai pluoSto —
14 proc.
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5.ISVADOS

1. Sukurta medienos frezavimo peiliy aSmeny dilimo jvertinimo metodika,
bandymy stendas ir parinkta matavimo aparatira. Kei¢iant technologinius
veiksnius, buvo imituojamos skirtingos frezavimo salygos ir jy metu nustatytas
jrankio dilimo désningumas, intensyvumas, energijos sgnaudos ir poveikis
frezuoty pavirsiy kokybei.

2. Jvertinus jrankio dilimg aprasanc¢iy parametry (aSmeny suapvalinimo spindulio
ir aSmeny sutrump¢jimo) kitima, nustatyta, kad frezavimo jrankis dyla netolygiai;
i8skirti trys periodai, kada jrankio dilimo tendencija skiriasi:

2.1. pirmajame periode, iki 800 m pjovimo kelio atkarpos, aSmeny
suapvalinimo spindulys vidutiniskai padidé¢jo 2,65 karto, o aSmeny
sutrump¢jimas 2,67 karto. Jrankis dyla intensyviai, nes po galandimo susidarg
metalo strukttros ir aSmeny pavirSiaus defektai skatina procesa;

2.2. antrajame periode, pjovimo kelio atkarpoje nuo 800 iki 4000 m, aSmeny
suapvalinimo spindulys vidutiniSkai padidéjo 15 proc., o asSmeny
sutrumpé¢jimas 54 proc. Irankio dilimas sulétéja, kadangi trapus dilimas
palaipsniui jgauna tolygaus dilimo pobiidj;

2.3. treciajame periode, pjovimo kelio atkarpoje nuo 4000 iki 16000 m, aSmeny
suapvalinimo spindulys padidéjo vidutiniSkai 16 proc., o aSmeny
sutrumpé¢jimas — 40 proc. Vyksta tolygus jrankio dilimas, kuriam budingas
plastisko dilimo pobudis.

3. Pjovimo galios rezultatai patvirtino prielaida, kad jrankis intensyviai dyla
pirmajame periode, iki 800 m pjovimo kelio ribos. Siame periode pjovimo galia
vidutiniskai padidéjo 35,2 proc. Antrajame periode, nuo 800 iki 6000 m, pjovimo
galia padidéjo 5,2 proc. Pjovimo kelio atkarpoje nuo 6000 iki 16000 m buvo
pastebimas labai nedidelis, taciau tiesinis pjovimo galios padidéjimas — 2,5 proc.

4. Nustatyta, kad, frezuojant gzuolo medieng iSilgai pluosto ir didéjant pjovimo
grei¢iui nuo 22 iki 40 m/s, frezavimo jrankio dilimas sulétéja. Pjovimo greiciui
padidéjus nuo 22 iki 31 m/s, aSmeny suapvalinimo spindulio padidéjimas
vidutiniSkai sumaze¢jo 6,60 proc. Skirtumas tarp rezultaty frezuojant pjovimo
greiciais 31 ir 40 m/s sudaré 7,10 proc.

5. Nustatyta, kad, didinant pastimos greitj, jrankio aSmeny dilimas didéja. Esant
skirtingoms pastimos vienam pjovikliui vertéms, jrankio aSmenys dyla netolygiai.

6. Nustatyta, kad frezavimo jrankiy nusmailinimo kampas turi jtakos jrankiy
aSmeny dilimui: intensyviausiai dyla jrankis, kurio nusmailinimo kampas 40°, o
patvariausias dilimui jrankis, kurio nusmailinimo kampas 50°. Nustatyta, kad
jrankis, kurio nusmailinimo kampas 45°, yra vidutiniskai 8 proc., o jrankis, kurio
nusmailinimo kampas 50°, yra 10 proc. atsparesnis dilimui, palyginti su jrankiu,
kurio nusmailinimo kampas 40°.
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7. Nustatyta, kad frezavimo jrankiy plieny chemin¢ sudétis ir terminis apdorojimas
turi jtakos jrankiy a8meny dilimui:

7.1. atspariausi dilimui yra greitapjovio plieno CTO1M—-LA?2 peiliai. Maziau
atspartis dilimui yra peiliai, pagaminti i$ legiruotojo jrankiy plieno 85X6H®T.
Atlikti tyrimai patvirtino jau zinomus teorinius ir praktinius teiginius;

7.2. 1§ jrankiy, pagaminty i greitapjoviy plieny (HS 18), intensyviausiai dyla
jrankis, pagamintas i§ ESS—HSS18 plieno. Antrasis pagal dilimo intensyvumag
jrankis, pagamintas i§ HS 18 Y 28 plieno, o atspariausias dilimui i§ plieno
CTOIM-LA2.

8. Nustatyta, kad, didéjant jrankio aSmeny suapvalinimo spinduliui, apdirbto berzo
medienos pavirSiaus kokybé proporcingai mazgéja:

8.1. kokybiskas pavirSius gaunamas dirbant astriu jrankiu (p = 7 um), kadangi
medienos pluostas atpjaunamas; susiformuoja vientisa lanksti drozlé. Irankio
aSmeny suapvalinimo spinduliui pasiekus 40 pm verte, mediena ne pjaunama,
o deformuojama. Apdirbto pavirSiaus kokybé netenkina reikalavimy;

8.2. did¢jant pjovimo greiciui, gaunamas kokybiskas berzo pavirsius, kadangi
pagreitéja drozlés susidarymo procesas, ir medienos pluostas taisyklingai
atpjaunamas, o ne suardomas gniuzdant. AuksSciausia pavirSiaus kokybé
gaunama dirbant astriu pjovikliu (p = 7 um), kai pjovimo greitis 40 m/s;

8.3. didinant pastima vienam pjovikliui, frezuoto pavirSiaus kokybé
proporcingai mazéja. Didinant pastima vienam pjovikliui, padidéja vidutinis
drozlés storis. Padidéjus drozlés storiui, gilesni medienos pluosto sluoksniai ne
atpjaunami, o atpléSiami. AuksCiausia pavirSiaus kokybé gaunama dirbant
astriu pjovikliu (p = 7 pum), kai pastima vienam pjovikliui z. = 0,5-1,5 mm.

9. Apdirbant pusies, berzo ir 3Zuolo medieng jvairaus astrumo peiliais, nustatyta,
kad, esant toms pacioms pjovimo sglygoms, gzuolo frezuoto pavirsiaus kokybé yra
vidutiniskai 23,7 proc. geresné uz berzo ir 52,5 proc. uz pusies.
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6. SUMMARY

Relevance of the Work

In order to be able to create new wood processing tools, it is necessary to know
their wear and blunting process which takes place in the course of cutting. The wear
process of wood cutting tools and its regularities have not been thoroughly analyzed
yet. As a matter of fact, precise data in this field is still badly lacking. This could
explain the influence of chemical and electrochemical manifestations on the tool’s
blunting.

Substantial mechanical energy is concentrated in the cutting edge area.
Therefore, high pressure is formed, and high tensions are produced in the cutting part
of the tool.

The entire mechanical energy that is generated on the contact surfaces and in
the deformation area of the material under processing is converted into heat in the
course of the cutting process. Contrary to metals, organic materials and, especially,
porous wood are only slightly thermally conductive. Therefore heat is not removed
when a chip is cut in the contact area. A substantial amount of thermal energy
concentrates on the contact surfaces. This amount depends on the cutting speed that
is much higher in case of wood if compared to metal.

Thermal destruction takes place in organic materials even at quite low
temperatures, and a few chemical compounds are formed. These are mainly organic
acids which affect metal aggressively. When aggressive materials are absorbed, the
tool’s cutting edge may decompose chemically.

Wear in the cutting area causes the formation of static and piezoelectric loads
and the appearance of electric current that may cause electric erosive and
electrochemical wear. The particles whose hardness is similar to the hardness of the
tool’s material may get into the cutting area during the process of cutting. In this case,
abrasive wear of the cutting edge is possible.

The resistance of the cutting tool against wear depends on a number of factors.
The first group consists of the factors which depend on the cutting tool, i.e., on the
chemical composition, the structure, the hardness of the tool’s material, the
sharpening angle of the cutting edge, the roughness of the work surfaces and the
defects remaining after sharpening. The second group consists of the factors which
depend on the processed material: its density and structure, the moisture content, the
amount of glue, the manufacturing method, etc. A few factors of the processing mode
are attributed to the third group: the cutting and feeding speed, the chip thickness, the
cutting path, the cutting angle, the direction of the wood fiber, etc. The fourth group
is the group of external factors, such as the temperature of the cutting area, the relative
air humidity, and the cooling and removal of chips.

To summarize, it may be claimed that the durability of cutting tools, i.e., their
cutting process and its regularity, is affected by numerous factors which interact while
operating at various levels of intensity.

The aim of the work is the creation of methodology for the assessment of the
wear of the cutting edge of milling knives and analysis of the influence of various
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factors on the wear intensity as well as investigation of the impact of the wear of the
knife’s cutting edge on the quality of the milled surfaces.

In order to achieve the aim of the work, the following objectives were set:

6. To create a test stand of the wear of milling knives and to select the
measurement equipment.

7. To evaluate the wear process of the cutting edge of wood milling knives and its
regularities.

8. To determine the influence of the technological factors of the milling mode on
the intensity of the wear of the knife’s cutting edge.

9.  To determine the influence of the chemical composition and the structure of

steel on the intensity of the wear of the knife’s cutting edge.
10. To determine the impact of the wear of the knife’s cutting edge on the quality
of milled surfaces.

Scientific Novelty of the Research

A methodology was created how to investigate the resistance of wood milling
knives to wear in the cutting mode. When the influence of various technological
factors changes, it is possible to imitate various conditions of the milling mode. The
assessment of changes in microgeometrical parameters of the knife’s cutting edge and
its cutting power allows determining the wear regularities of the tool’s cutting edge,
its intensity and resistance to wear. The evaluation of the cutting edge condition
allows forecasting the input of the milling energy and the quality of the milled
surfaces.

It was determined that in the cases when wood is milled along the fiber, the
influence of the cutting and the feeding speed rate on the wear of knives differs. When
the cutting speed increases from 22 m/s to 41 m/s, the intensity of the wear of milling
knives decreases. With regard to the influence of the feeding speed, the opposite
dependency on the influence of the cutting speed was determined. The increase of the
feed rate leads to the increased intensity of the wear of the knife’s cutting edge.

The influence of the knife’s wear and various technological factors on the
quality of milled surfaces was also assessed. It was determined that the quality of
milled surfaces depends on the state of the cutting edge, the sort of wood and the
technological factors of the milling mode.

Practical Significance of the Dissertation

The developed research methodology and equipment may be used so that to
assess the resistance of wood milling knives to wear. This methodology suits for the
selection of milling knives because the chemical composition of the steel of knives of
the most manufacturers is known; however, the prices of knives of a similar type
produced by different manufacturers may differ several times.

This research methodology creates possibilities to select the optimal wood
milling modes by taking into account the chemical composition of the tool, its thermal
treatment and performance characteristics. When the influence of various
technological factors and/ or the type of the processed wood or material are changed,
it is possible to imitate various milling conditions in order to assess the behavior of
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the cutting edge of the milling knives, the energy input of the milling mode and the
quality of the milled surfaces. The complex or individual evaluation of the influence
of each factor allows selecting the optimal milling modes in compliance with the
preset criteria for the energy input and the quality of the milled surfaces.

Approbation and Publication of the Research Results

The results of this research were presented in six scientific publications included
into the Clarivate Analitics WoS Database: two of them were published in Materials
Science (Medziagotyra), one in Journal of Mechanical Engineering (Strojniski
Vestnik), one in Wood Research, one in Journal of Wood Science and one in
Bioresources. Four publications were published in ISI Proceedings of International
Scientific Conferences “Mechanika” (2007-2010, Lithuania). The results of this
dissertation have been reported in the proceedings of seven international conferences:
“Materials Engineering” (2005, 2008, 2011, Lithuania); “Meeting of Northern
European Network for Wood Science and Engineering” (2011, Norway; 2012,
Lithuania; 2016 Latvia); and 18" International Conference-School “Advanced
Materials and Technologies” (2016, Lithuania). The results of the research were also
presented in nine national conferences.

Scope and Structure of the Dissertation

The dissertation consists of an introduction, a literature review, the experimental
part, the results and discussion part, conclusions, a list of references, a list of the
scientific publications of the author and appendixes. The list of references includes
142 bibliographical sources. The full text of the main body of the dissertation contains
208 pages, 5 tables, 77 figures and 5 appendixes.
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6.1. Literature Review
6.1.1. Milling of Wood and Wood Materials

The wood milling process is the final formation of surfaces of details under
processing. Wood milling is employed in order to process profile and non-profile
curvilinear surfaces by the copying method, to mill tenons and loops, to mill grooves
and sockets, and to form other surfaces (Ettelt, Gittel 2004; Staniszewska,
Zakrzewski, 2006; Davim, 2011; Csanady, Magoss 2013).

A cycloid chip is cut from the surface under processing by cutters installed in
the rotating tool during the cylindrical milling process. The lateral surface of the chip
is in the shape of a sickle. The chip’s thickness is the shortest distance between two
adjacent cutting trajectories measured perpendicularly towards the direction of the
cutting speed. It is a variable unit. The thickness of the cut layer corresponds to the
layer of wood removed in a single step. The width of milling is always equal to the
width of the specimen under processing. The feed per cutter is the distance between
two adjacent cutting trajectories measured in parallel to the vector of the feed rate.
The feed per cutter and the number of knives determine the feed speed of the specimen
or the tool (Medi¢, Hlebanja, 1995; Staniszewska, Zakrzewski, 2006; Magoss 2008;
Rdébenack et al., 2013).

Two movements are made when milling wood: the main movement of the
cutting tool and the auxiliary feeding movement. The cutting speed is the main
characteristic of the cutting process. The feeding movement is given to the specimen,
yet it can also be given to the tool. The milling process may be dual: in and against
the feeding direction (Medic, Hlebanja, 1995; Goli et al., 2009; Goli et al., 2010).

In the course of milling, wood resists cutting. The resistance to cutting is present
along the entire length of the contact arch. The resistance to cutting is described by
specific cutting work. The tangent and the normal cutting force, the resistance to
pushing, the force perpendicular to resistance and the radial forces affect the wood
within the contact arch’s limits (Medi¢, Hlebanja, 1995; Medic, Fajdiga, 1996).

Three main surfaces are distinguished in the cutting area: the surface under
processing, the processed surfaces, and the cutting surfaces.

6.1.2. Materials of Tools

In order to process solid wood and its materials, the tools are used whose cutting
edge is made from high-speed steel, stellites, hard metals, ceramic materials,
polycrystalline and monocrystalline diamonds (Ettelt, Gittel, 2004). The surface of
tools is coated with various coatings resistant to wear so that the cutting edge were
more resistant to wear (Ettelt, Gittel, 2004; Kanefusa, 2015; Leitz, 2015; Leuco 2015;
Oertli 2015; Tigra, 2015).

All the materials used when producing the cutting edge are classified according
to their hardness, tensility, strength and resistance to wear. The capacity of various
materials to maintain hardness at high temperatures is also important (Stewart, 1998;
Astakhov, Davim, 2008). These characteristics exert influence on the application area
of materials as well as on the shapes and parameters of the cutting edge (Kanefusa,
2015; Leitz, 2015; Leuco 2015; Oertli 2015; Tigra, 2015).
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The tensility of materials decreases with the increase of the hardness of
materials. Therefore, when tools are made, the characteristics of the materials
affecting the cutting edge geometry have to be taken into account. The increase of the
hardness of these materials leads to an increase of the numerical values of the
sharpness angles. The increasing temperature of the tool’s cutting edge results in a
decrease of the hardness of various instrumental materials. When the hardness of a
tool’s cutting edge decreases, the resistance to wear is also reduced (Stewart, 1998;
Ettelt, Gittel, 2004; Astakhov, Davim, 2008; Csanady, Magoss, 2013; Horman et al.,
2014; Kanefusa, 2015; Leitz, 2015).

6.1.3. Wear of Wood Cutting Tools

Wood cutting tools get blunt under the impact of force and when tools are
affected thermally. There are a number of electrical and chemical factors under the
influence of which the tools” weight decreases, and geometrical parameters change
(Porankiewicz et al., 2008; Pamfilov, Prozorov, 2012; Horman et al., 2014).

In terms of wear dynamics, the wear period of the cutting tool is divided into
three stages: initial, monotonic and emergency (Cristovao et al., 2011; Csanady,
Magoss, 2013).

The wear of a tool is intensive during the initial wear stage (Porankiewicz et al.,
2005; Porankiewicz, 2006; Cristovao et al., 2011; Csanady, Magoss, 2013). In this
case, the cutting edge wear is mainly of crumbling decomposition character. Before
the start of work, there are some cracks on the tool’s surface which were formed after
improper thermal processing or sharpening. When the tool is operating and the cutting
and wear forces are working, the centers of tension concentration are formed, and they
induce the appearance of cracks. The initial wear of a tool makes up 40-60% of the
total wear of a tool and it lasts for 5-10% of the duration of the entire work (Zotov,
Pamfilov, 1991).

At the end of the intensive wear, the wear process of a tool gradually evolves
into monotonic wear. The monotonic wear of a tool is a complex of processes covering
various combinations of mechanical dispergation, electrochemical corrosion,
electrical erosion, and cases of abrasive, thermal and chemical wear (Gauvent et al.,
2006; Porankiewicz, 2006; Porankiewicz et al., 2006; Porankiewicz et al., 2008;
Winkelmann ef al., 2009; Horman et al., 2014).

The temperature of the cutting edge decreases with an increase of thermal
conductivity and the sharpening angle of the cutting tool. The periodicity of the
cutting process reduces the temperature significantly, yet, as a matter of fact, it causes
the appearance of cyclical temperature tensions (Ratnasingam et al., 2010).

In the course of wood cutting, manifestations related to the wood’s chemical
and piezoelectric characteristics become more active. High temperature is formed in
the cutting area. It induces generation of a liquid phase from the material under
processing and the appearance of triboelectricity. Various triboelectric, electric and
electrochemical processes affecting the tool’s resistance are possible in the cutting
area (Porankiewicz, Chamot, 2005; Porankiewicz et al., 2008).

The products of mechanical and thermal destruction of wood participate in
chemical and electrochemical reactions which take place in the contact areas of the
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cutting tool and the processed material (Porankiewicz, Chamot, 2005; Porankiewicz
et al., 2008).

In the course of mechanical destruction of wood (polymer), free radicals appear.
They connect to the tool’s material. In such a way, chemical compounds having a
weak link with the metal surface are formed; they can be easily removed from the
wear area as wear products (Porankiewicz, Chamot, 2005; Porankiewicz et al., 2008).

Gas, water vapor and volatile organic acids (formic and acetic) are formed
during the process of thermal destruction. The operation of materials of thermal
destruction causes the corrosion process of the cutting tool. The corrosive damage
results in microcracks in the area of the cutting tool’s cutting edge. These are the
sources of crumbling decomposition (Gauvent et al., 2006; Winkelmann et. al., 2009).

Complex electrochemical processes take place in the course of the cutting
process together with electric manifestations. When wet wood is processed, moisture
is generated between the surfaces of the cutter and the material under processing
because of the cutting pressure. The moisture content is a good conductor of
electricity. However, this moisture content is of increased acidity, consequently, an
electrochemical reaction takes place between the material of the cutting tool and the
material under processing (Ivanovski et al., 1971; Zotov, Pamfilov, 1991).

As steel is saturated with hydrogen, free hydrogen reacts with iron carbide
(FesC). During this reaction which starts at a temperature of 240—330°C, cementite is
converted into fine-dispersion ferrite, and methane gas is also generated. The reduced
carbide concentration in steel weakens its mechanical characteristics and at the same
time reduces its resistance to wear. The generated methane gas does not escape
through metal grating. Therefore, hollows are formed inside the metal which may
cause the cracking of a tool (Porankiewicz, Chamot, 2005; Pamfilov et al., 2014).

6.1.4. Evaluation of Blunting and Wear of Cutting Tools’ Blades

The wear curve changes with the wear of the cutting tool in the entire area of
the cutting edge contact with the processed material. With regard to the cutting
conditions, the cutting edge, the rake or the clearance face may get worn. All the wear
curves may be divided into four forms (Zotov, Pamfilov, 1991).

The curve in a symmetrical form is characteristic to the initial work stage after
sharpening. The parameter that describes this curve is the rounding radius of the
cutting edge (Csanady, Magoss, 2013). The wear curve when the wear bevel is formed
on the rake face is characteristic of the tools used to process wood materials (MDP,
MDF, MPP, etc.). This wear curve is described by the rounding radius of the cutting
edge, the bevel’s length, and the change in the clearance angle (Csanady, Magoss,
2013). The wear curve when the wear bevel is formed on the rake face is described
by the rounding radius of the cutting edge, the bevel’s length on the rake face, and the
change in the rake angle. This wear form is met not individually but along the rear
surface (Csanady, Magoss, 2013).

The wear form when the pit is formed on the clearance face is encountered less
frequently. It is characteristic to the tools made from eutectoid carbon and little-treated
alloy instrumental steel (Zotov, Pamfilov, 1991).
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In addition to the parameters listed above, the following parameters are also
used to describe the wear of milling tools: the wear area, the width of the cutting edge,
the cutting edge recession in the direction of the bisector of the sharpening angle, the
shifting angle of the sharpening angle, the wear along the rake face, the wear along
the clearance face, and the size of the cutting surface deformed by the cutting edge
(Zotov, Pamfilov, 1991).

The wear parameters of the cutting edge may be measured in the direct mode,
by using optical and scanning electronic microscopes or by employing other scanning
devices. The methods of measurement of the cutting power, the noise level of the
milling tool, and the value and geometry of the milling chips are attributed to indirect
measurement modes.

6.1.5. Influence of the Wear of Cutting Tools on the Quality of Milled Surfaces

One of the criteria helping to evaluate the quality of the processed wood surface
is the surface roughness. It determines the further method of mechanical surface
processing or finishing, the adhesion characteristics, the aesthetic image, and the
application possibilities (Richter et al., 1995; Bledzki et al., 2005; Ozczn et al., 2012;
Follrich et al., 2010).

According to the origin, surface roughness may be dependent on or independent
from the cutting process. The surface roughness that does not depend on the cutting
process may be anatomical and structural roughness of wood. The kinematic,
vibratory and resilient restoration of a surface, the traces of a tool’s cutting edge, the
surface cracks and rips are the types of roughness which depend on the cutting process
(Magoss, 2008; Csanady, Magoss, 2013).

Anatomic surface roughness covers wood vessels, tracheids and structural
elements. These types of roughness depend on the sort of wood, its macro and
microstructure, density, humidity, annual rings, the direction of the fiber, and any
kinds of defects (Csanady, Magoss, 2013).

Kinematic roughness is characterized by the wave’s height, length and pace.
The value of kinematic roughness is determined by the number of cutters forming the
surface, their fastening errors, and by the tool’s cutting and feed speeds. The optimal
cutting mode and the best surface quality is received when the feed per cutter is 1.0—
2.0 mm (Skali¢ et al., 2009). According to the results of various researches, when the
cutting speed increases, the surface quality improves. The recommended cutting speed
for cylindrical milling is 35-55 m/s (Brown, Parkin, 1999; Jackson et al., 2002;
Hynek et al., 2004).

Vibratory roughness appears due to the vibration of the tool or the specimen.
The appearance of vibration processes worsens the quality of the milled surface
(Brown, Parkin, 1999; Hynek et al., 2004).

It was determined that the wear of the tool causes worsening of the quality of
the milled surface. The main reason of the tool’s wear is considered to be its friction
with wood. When wood is milled with a sharp tool (5 pm <p < 15 um), the cutting
edge cuts through the wood fiber and forms chips of a regular form. The quality of
the processed surface is the best. When a moderately blunt tool is used for milling
(15 pm <p < 30 pm), the undesirable sliding process on wood becomes evident
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(Zotov, Pamfilov, 1991; Ivanovsky et al., 1971). When a blunt tool is used for milling
(p > 30 um), an irregular cutting process takes place. The cutting edge forms the
surface not through cutting but through the destruction and compression of the fiber
(Magoss, 2008; Csanady, Magoss, 2013).

6.2. Experimental Part
6.2.1. Milling Tools

Standard wood milling tools from alloyed tool steel (HL) and high-speed steel
(HSS) were used for our researches (Table 6.1).

Table 6.1 Parameters of wood cutting tools

Parameters Wood milling tools
No. 1 No. 2 No. 3 No. 4
Designation by supplier | 8X6HDT OTK- ESS-HSS18 HS 18Y 28 CTOIM-LA2
14
Standard designation 8X6HDT Z80WCV 18-04-|  HS 18-0-1 HS 18-0-1
01/18-0-1 (B18)
Standard GOST 5950-73 NF A 35- DIN 1.3355 UNI 2955-82
590(92)
DIN-EN 847-1 1SO 4957
Dimensions (mm):
Length/width/thickness 60/40/3 60/35/3 60/35/3 60/30/3
Tool geometry clearance angle o: 20£5°, sharpness angle 5. 40+5°,
rake angle y. 30+5", cutting angle . 60+5
Mass (g) 54.2 51.7 40.8 41.8
Density (kg/m’) 7360 8119 8092 8144
Hardness (HRC) 57 61 61 61
Surface roughness (um):
Rake face Ra/R=/Rmax 0.518/3.35/5.18 | 0.281/1.79/2.92 | 0.251/2.11/2.98 |0.168/1.28/2.24
Clearance face Ra/R-/Rmax | 0.600/4.11/4.90 | 0.272/2.30/2.72 | 0.285/3.39/4.23 | 0.430/3.68/3.95

6.2.2. Wood Specimens

The testing specimens were made from oak, birch, black alder, larch, and pine
trees grown in Lithuania (Table 6.2).

Table 6.2 The physical characteristics of wood samples

. Moisture content Width of an annual Density,

Wood species o . 3

w, % ring, mm kg/m
Oak (Quercus) 9.5-10.4 1.90-1.97 618-696
Birch (Betula) 8.0-9.5 1.65-2.74 520-609
Black alder (4/nus glutinosa) 8.5-94 2.19-2.65 410478
Larch (Larix) 12.1-144 2.07-2.17 634-683
Pine (Pinus sylvestris) 8.0-10.9 1.61-2.37 415-504

6.2.3. Milling Stand

The tests were carried out in a wood milling stand that was created upon
modernization and adjustment of a planing machine designed for scientific researches
(SR3-6). The specimens were milled at the following speeds (v): 22 m/s, 31 m/s and
40 m/s. The feed speed (1) was changed in the stepless mode from 2 to 15 m/min. The
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specimens were processed according to the scheme of longitudinal milling when the
directions of vectors of cutting speed v and feed rate u are the opposite. The thickness
of the layer obtained by a single cut from the specimen (4 = 2.00 mm) was determined
by moving the stand’s working table. Two knives were installed in the cylindrical
knife roller whose body diameter was 100 mm (the cutting diameter was 103 mm):
one knife was used for cutting while the second knife was used for balancing.

6.2.4. Measurements of Microgeometrical Parameters of the Knife’s Cutting
Edge

The changes in microgeometry of the knife’s cutting edge were evaluated by
rounding radius p and recession A4, in the direction of the bisector (Fig. 6.1).

1 2 3 4 5 — e rake face
— ‘ )
0] 10 TN SRR
010 | . >
L 40 | 1
60 rake face
a b

Fig. 6.1. Measurement schemes of the cutting edge microgeometry parameters: a: the
scheme of the cutting edge rounding radius p ; b: the scheme of the cutting edge recession
Ay; 1: the milling tool; 2: a plate

The values of rounding radius p were determined with the help of the lead
imprint method when an optical microscope of tool measurement and a digital video
camera were used. Cutting edge recession 4, was measured optically, by using the
reference surface from which the wear of the cutting edge was deducted. The average
values of cutting edge rounding radius p and recession A, were determined in the
intervals of cutting path L: 0; 50; 100; 150; 200; 400; 800; 1200; 1600 and 3200 m.
The knife’s cutting edge was measured in five places during each interval of cutting
path L. The obtained images were processed and measured by using the relevant
software. The accuracy error of the measurements was + 2 pum.

6.2.5. Measurements of the Cutting Power

The milling power was measured with the electric flow measurement device
K506 whose measurement accuracy is estimated at = 5 W. The device was connected
in parallel to the circuit of the electric engine of the milling mechanism. The active
power of the idle drive of milling mechanism Pr; was measured before the processing
of the investigated specimens. The active power of working performance Pr> was
measured while milling each specimen. Milling power P was calculated after having
identified the difference between the values of working Pr> and idle Pg; powers.

6.2.6. Measurement of Milled Wood Surface Roughness

The roughness of milled wood surfaces was evaluated by the average height of
maximal unevenness Rninq. and the height of unevenness R.. When the milled surface
roughness was evaluated with index Rmuax, the highest and the lowest heights of
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unevenness S; and S; were measured with optical devices MIS-11 and TSP-4 with a
measurement error of 0.1 pm. At least five measurements were done on the tested
surface. Five specimens were processed in order to examine the influence of the sort
of wood and/ or the cutting mode. When the milled surface roughness was evaluated
with index R: (according to DIN EN ISO 4287:1998), the height of the unevenness
was measured with a contact stylus profilometer (Mahr MarSurf PS1) featuring a
measurement error of 0.001 um. At least five measurements were conducted on the
tested surface. Five specimens were processed in order to examine the influence of
the sort of wood and/ or the cutting mode. All the measurement results were processed
by employing the Gaussian digital filter (according to DIN EN ISO 11562), and the
roughness measurement error did not exceed £+ 10%.

6.3. Influence of Various Technological Factors on the Tool’s Wear
6.3.1. Influence of the Cutting Path on on the Wear of the Milling Tool

When the influence of cutting path L on the cutting edge rounding radius p was
analyzed, it was determined that the tool gets worn unevenly (Fig. 6.2). It is possible
to distinguish among several periods, when the tool’s wear is carried out according to
different regularities.
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Fig. 6.2. Influence of cutting path L on the results of cutting edge rounding radius p

The first period lasts until the section of 800 m of cutting path L. It is there that
the tool’s wear is the most intensive. The inequalities remaining on the surface, close
to the cutting edge, induce intensive wear after sharpening. The deep strips (Fig. 6.3)
which remain after sharpening cause the formation of centers of tension concentration.
Upon their formation, cracks and gaps start appearing (Fig. 6.4). Their appearance
initiates crumbling wear as separate segments of the tool’s material are crumbling.
The crumbling wear is the most intensive on the rear surface.
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100 pm 100 pm

a b

Fig. 6.3. Residual effects of the tool’s sharpening and sanding: a — strips remaining after
sharpening (clearance face, u. = 1,00 mm, L =200 m); b — strips remaining after sanding
(rake face, u. = 1,00 mm, L = 0 m)

The second period is the section between 800 m and 4000 m of the cutting path.
Here, the changes in the cutting edge rounding radius p become slower. If compared
to the first wear period (from 0 m to 800 m), the section of cutting path L constitutes
only 5%, and the tool’s wear is 78.5% (when u.=1.00 mm) and 72% (when
u- = 2.00 mm). These results demonstrate that the milling tool passes from crumbling
wear to steady plastic wear gradually during this period.

AR

100 pm 100 pm
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Fig. 6.4. Cracks and gaps in the tool’s cutting edge (#-: = 1.00 mm, L = 800 m):
a — cutting edge cracks on the rear surface; b — cutting edge crumbling on the frontal surface

The third period is the section between 4000 m and 16000 m; it is characterized
by stability. The values of cutting edge rounding radius p grow evenly. This growth
is close to linear growth. The average growth equals 6.67% (when u: = 1.00 mm) and
15.6% (when u. = 2.00 mm). The growth is slightly more intensive when the feed per
cutter is u: = 2.00 mm. When the feed per cutter is u. = 1.00 mm, the wear process of
the tool is more stable. The crumbling wear is very rare during this period. The
variation coefficient of the obtained results (2.9—7.9%) is much lower if compared to
the first (0.9-24.9%) and the second (1.6—12.7%) periods. The increased values of the
cutting edge rounding radius (from 20 to 25 um) induce only tribologic wear because
the contact area of the tool with wood is increased several times. The area of a bigger
contact surface induces higher thermal generation, which leads to changes in the
structure of superficial layers of the steel of the cutting tool, i.e., the structure received
during the initial thermal processing of the tool changes. The hardness changes as
well.

The measurement results of cutting power P (Fig. 6.5) also revealed that the
most intensive wear is in the section of up to 800 m, when the crumbling and the
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increase of the cutting edge rounding radius are the highest. The cutting power grows
by 160% when u#. = 1.00 mm and only by 8% when u. = 2.00 mm.
The decrease in the growth of cutting power P is observed in the section of
cutting path L from 800 m to 6000 m. The cutting process is thus stabilized. The wear
of the milling tool’s cutting edge gets steady and without crumbling,.
The increase of cutting power P in the section of cutting path L from 6000 m to
16000 m is close to zero or is very small yet it is linear. The numerical values of
cutting power P in this section increased on average by 12% when #. = 1.00 mm and
only by 2% when u. = 2.00 mm. These results confirm that the milling tool acquires
the character of plastic wear in the section of cutting path L from 6000 m, and it passes
gradually to the stage of monotonic wear.

Cutting power P, W
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Fig. 6.5. Influence of cutting path L on the results of cutting power P



6.3.2. Influence of the Cutting Speed on the Wear of the Milling Tool

According to the obtained results, the impact of cutting speed v is virtually
unnoticed in the course of the initial 200 m of the cutting path. The difference between
the values of cutting edge rounding radius p (Fig. 6.6) is small. When cutting speed v
increases from 22 m/s to 31 m/s, the values of cutting edge rounding radius p decrease
on average by 6.60%. This difference was equal to 7.10% when
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Fig. 6.6. Influence of cutting speed v on cutting edge rounding radius p (u. = 0.50 mm)

milling at a cutting speed of 31 m/s and 40 m/s. Similar trends of result changing
were also observed with regard to the values of feed per cutter (#. = 1.00, 1.50 and
2.00 mm). Similar trends of result alteration (Fig. 6.7) were also detected while
analyzing the influence of cutting speed v on cutting edge recession 4,. When cutting
speed v was growing, the difference between the results of cutting edge recession 4,
made up 5.20% on average (when u. = 1.00 mm), 8.59% (when . = 1.50 mm) and
8.50% (when u. = 2.00 mm).

The evident difference between the tool’s wear results was detected in the
section of the cutting path from 200 m to 800 m. During this stage, the change of
results, i.e., the increases of cutting edge rounding radius p and recession A4, were
undergoing changes more rapidly. The influence of cutting speed v becomes more
evident. The differences among the results become more prominent. When cutting
speed v grew from 22 m/s to 31 m/s (when u. = 0.50 mm), the increase of cutting edge
rounding radius p decreased by 4.47% while the difference between the results made
up 9.35% in the case of milling at cutting speeds of 31 m/s and 40 m/s. The average
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difference between the results was 9.79% (when u.=1.00 mm), 12% (when
u: = 1.50 mm), and 10.1% (when u. = 2.00 mm).
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Fig. 6.7. Influence of cutting speed v on cutting edge recession A, (u- = 0.50 mm)

The average difference between the results of cutting edge recession 4, was
6.90% (when u. = 0.50 mm), 9.79% (when u. = 1.00 mm), 12% (when u. = 1.50 mm)
and 10.1% (when u. = 2.00 mm).

The difference between the results of the tool wear was growing proportionally
in the section of the cutting path from 800 m to 1600 m; the growth was observed
without significant changes. A similar tendency to grow as in the stage from 200 m to
800 m remains. The difference between the influences of cutting speed v remains the
same.

The increase of cutting edge rounding radius p in the section of the cutting path
from 1600 m to 3200 m acquires small or close-to-zero values. It was observed in the
case of all the values of feed per cutter (u.=0.50, 1.00, 1.50 and 2.00 mm). It is
possible to state that the results change with regularity.

To summarize, when cutting speed v is growing, the increase of cutting edge
rounding radius p and recession 4, is going down, i.e., the tool’s wear is slower.

The analysis of the influence of cutting speed v on the results of cutting power
P (Fig. 6.8) revealed nonlinear dependence. The growth of cutting speed v leads to
increased values of cutting power P. However, this increase is not linear. It was also
determined that cutting speed v affects cutting power P as early as the beginning of
the cutting process. According to the obtained results, significant difference is
observed between the cutting speeds (22 m/s, 31 m/s and 40 m/s) when various values
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of feed per cutter (0.50 mm, 1.00 mm, 1.50 mm and 2.00 mm) are considered. This
difference equaled 51.6% and 23.7%.
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Fig. 6.8. Influence of cutting speed v on cutting power P (u. = 0.50 mm)
6.3.3. Influence of the Feed to a Single Cutter on the Wear of the Milling Tool

According to the obtained results, when the values of the feed per cutter u. grow,
the values of cutting edge rounding radius p and recession A, also increase (Figs. 6.9
and 6.10).

The impact of the feed per cutter u. is less significant in the section of cutting
path L up to 200 m. When the feed per cutter u. grows from 0.50 to 1.00 mm, the
increase of cutting edge rounding radius p grows by 11.3% on average. The difference
between the results made up 0.19% when u.=1.00 and 1.50 mm. Meanwhile, the
difference between the results constituted only 4.08% when . = 1.50 and 2.00 mm.
Similar tendencies of result fluctuation were observed for other cutting speeds as well
(v=31 m/s and 40 m/s).

The evident difference between the results of tool wear is witnessed in the
section of the cutting path from 200 m to 800 m. The increase of cutting edge rounding
radius p changes more rapidly. The influence of the feed per cutter u. becomes more
significant. The differences between the results also become more prominent. A
similar change in the obtained results was noted while analyzing the results of cutting
edge shortening 4,. When the feed per cutter u. increases from 1.50 mm to 2.00 mm,
the difference between the results of cutting edge recession 4, makes up 0.70%.
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The difference between the tool wear results grows proportionally in the section
of the cutting path from 800 m to 1600 m; growth is observed without significant
changes. A similar tendency of growth as in the stage from 200 m to 800 m remains.
The influence of the feed per cutter . remains the same.

The increase of cutting edge rounding radius p in the section of the cutting path
from 1600 m to 3200 m becomes much slower because it acquires the smallest values.
This was noticed for all the values of cutting speed (22 m/s, 31 m/s and 40 m/s). The
average difference between the tool wear results was 17.3% when the feed per cutter
u- was increased from 0.50 mm to 1.00 mm (when v =22 m/s). The difference
between the results was 4.60% when milling was performed at the feed per cutter
equal to u- = 1.00 mm and 1.50 mm. When the feed per cutter u. was increased from
1.50 mm to 2.00 mm, the difference between the results of cutting edge rounding
radius p made up 4.10%. The results revealed that the influence of feed per cutter u.
remains unchanged.

When the feed per cutter u. increases, the values of cutting power P also increase
(Fig. 6.11). However, this increase is not linear dependence. It was also determined
that the feed per cutter u. has an impact on cutting power P as early as at the very
beginning of the cutting process.

To summarize, when the feed per cutter u. increases, the increase of the values
of milling power P is also observed. The growth of the average thickness of chip a
leads to an increase of cutting force F.

6.3.4. Influence of the Sharpening Angle on the Wear of the Milling Tool

Our researches helped to determine the influence of sharpening angle 5 on the
wear of the milling tool in the initial stage. Besides, it was established how cutting
power P changes with an increase of sharpening angle f.

When the received results and diagrams were analyzed (Fig. 6.11), it was
noticed that the most intensive wear is observed for the tool whose sharpening angle
equals f=40°, while the cutter is the most resistant to wear when f = 50°. This
tendency was noticed for all the values of the feed per cutter (- = 0.50 mm, 1.00 mm,
1.50 mm and 2.00 mm).

The most prominent increase of cutting edge rounding radius p was observed in
the section of the cutting path up to 200 m. The most significant difference pertaining
to the dynamics of tool wear was noticed when the feed per cutter was u. = 0.50 mm.
The difference in the values of cutting edge rounding radius p between the tools with
the angles of f = 40° and = 50° constituted 46%; meanwhile, the difference between
the tools with the angles of f = 50° and 5 = 45° was 18%.

The slowing-down of the wear process was noticed in the section from 200 m
to 400 m. However, the wear of all the milling tools (f = 40°, 45° and 50°) was more
intensive at the feed per cutter of u. = 0.50 and 1.00 mm. The difference in the values
of cutting edge rounding radius p in the section of cutting path L =400 m when the
feed per cutter was u. = 0.50 mm between the tools with angles of f = 40°
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a) v=22m/s; b) v=40 m/s




N
N

‘ \
R2=0.954 t
13 y R*=0.993
]
gf12 I 1 e
<
E /4 R2=0.987 \
210
©
- /V
S
B 8
g) o
= KnivesNo.2 ®B=40° _ |
: I s
6 s uz=0.50 mm AB=50° ]
5 ‘ ‘ |
0 200 400 600 800 1000 1200 1400 1600
Cutting path L, m
_a+ cL
P=1vm'"™
a b c
S =40° 6.65 1.35-10° 1.88-107
p=45° 6.33 6.63-107 8.91-10%
S =50° 6.45 4.05-107 4.55-10°%
a
19
18 R2=0.908
e 17 —
< 16 s
315 k R2=0.982
2 ® ! ,—?———_‘Z
‘é, 13 /k/-”‘(’h
S 4o }' R?=0.888
S /%
§ 10 A
(0]
'g 9 KnivesNo.2 @®B=40° |
3 8 Larch wood mg=as |
7 v=31m/s p=45 _
6 uz = 2.001mn AB=50° |
51 ‘ |
0 200 400 600 800 1000 1200 1400 1600
Cutting path L, m
a b c
£ =40° 8.72 4.29-107 7.12-108
p=45° 6.89 1.11-10° 1.66-1077
£ =50° 8.14 7.62:107 1.09-1077
b
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and £ =50° made up 35%; meanwhile, the difference between the tools with the
angles of f=50° and f = 45° was 21%.

The wear process got stabilized in the section of cutting path L from 400 m to
800 m. Steady minor increase of cutting edge rounding radius p was observed. The
difference in the values of cutting edge rounding radius p in the section of cutting path
L =800 m when the feed per cutter was u. = 0.50 mm between the tools with angles
of f =40° and f = 50° equaled 31%; meanwhile, the difference between the tools with
angles of f = 50° and § = 45° was 23%.

A very small increase in cutting edge rounding radius p was noticed in the
section of cutting path L from 800 m to 1600 m. The numerical values of rounding
radius p in this section increased only by 5% when the feed per cutter was
u: = 0.50 mm and by 1% when u. = 2.00 mm.

Cutting power P increases the most intensively in the section of cutting path L
up to 200 m. The increase in cutting edge rounding radius p grows especially rapidly
during this stage of cutting (Fig. 6.13).

A less prominent increase of cutting power P was noticed in the section of
cutting path L from 200 m to 400 m. The cutting process got stabilized because the
cutting edge of all the tools (8 =40° 45° and 50°) had passed gradually from
crumbling wear to the stage of plastic wear.

A very small but not linear increase of cutting power P was observed in the
section of cutting path L from 400 m to 800 m. During this stage, the wear of the
milling tool’s cutting edge became steady and without crumbling.

A very small but linear increase of cutting power P was registered in the section
of cutting path L from 800 m to 1600 m.

6.3.5. Influence of the Chemical Composition of Steel and Its Structure on the
Wear of the Milling Tool

The influence of the chemical composition of steel and its structure on the wear
of wood milling tools was analyzed. Wood milling tools of two different steel grades
were used for the experiment. The first group of tools was made from high-alloyed
tool steel (8X6H®DT), whereas the second group of milling tools was made by three
different manufacturers from high-speed steel HS 18-0-1.

The analysis of the obtained results (Fig. 6.14) showed that the wear of all the
four milling tools (Nos. 1; 2; 3 and 4) was denoted by regularity, i.e., it proceeded
according to the usual wear mechanism of wood milling tools. It is possible to
distinguish among four wear stages of a tool. The first phase of wear covers the initial
400 m of the cutting path, whereas the second phase continues from 400 m to 800 m,
the third one covers the segment between 800 m to 1600 m, and the fourth part
constitutes the values from 1600 m to 3200 m of the cutting path.

The wear of all the four milling tools (Nos. 1, 2, 3 and 4) is the most intensive
in the cutting path up to 400 m when the wear of the cutting edge is observed.
Intensive wear is observed for all the values of the feed per cutter (0.50 mm, 1.00 mm,
1.50 mm and 2.00 mm).
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Fig. 6.13. Influence of cutting path L on cutting power P:
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The intensity of wear in the section of cutting path L from 400 m to 800 m gets
slower, and the increase of cutting edge rounding radius p becomes smaller. The
crumbling wear is gradually replaced by steady tribologic wear which is
characteristically observed in all the four tools. A more significant difference between
the results of all the four tools is detected at this stage.

In the section of cutting path L from 800 m to 1600 m, the wear gets slower. In
this segment, the stabilization of the wear process of all the tools is apparent. The
analysis of the obtained results revealed no sudden changes in the values of the
increase of cutting edge rounding radius p or recession 4,, so it is possible to state that
the wear of all the tools is uniform and in accordance with the laws of tribologic wear.

The wear in the section of cutting path L from 1600 m to 3200 m becomes
especially slow. The growing increase of cutting edge rounding radius p becomes
close to linear dependence. There, stabilization of the wear process of all the tools is
observed. When the results were analyzed, no sudden changes in the values of the
increase of cutting edge rounding radius p were noticed — thus it is possible to state
that all the tools pass to the stage of steady wear.

The analysis of the results of cutting power P (Fig. 6.15) revealed that the
biggest numerical values are obtained when milling tool No. 1 is used while tools
No. 2 and No. 3 contribute to the average values and tool No. 4 provides the smallest
values. This tendency was noted for all the values of the feed per cutter (0.50 mm,
1.00 mm, 1.50 mm and 2.00 mm).

Cutting power P increases the most dramatically in the section of cutting path L
up to 200 m. This is related to the wear of the top of the cutting edge of all the milling
tools (No. 1, 2, 3 and 4). The increase of the values of cutting edge rounding radius p
in this cutting section is fairly rapid.

A smaller increase of power P in the section of cutting path L from 200 m to
400 m is detected. The cutting process became stabilized because the cutting edge of
all the four tools (No. 1, 2, 3 and 4) had passed from crumbling wear to the stage of
plastic wear.

A very small but not linear increase of cutting power P was traced in the section
of cutting path L from 400 m to 800 m. The wear of the milling tool’s cutting edge
became steady and without any crumbling in this stage.

A very small but linear increase of cutting power P was noticed in the section
of cutting path L from 800 m to 1600 m. The milling tools (Nos. 1, 2, 3 and 4) were
passing gradually to the stage of monotonic wear after having passed the point of
1600 m.

The values of cutting power P in the section of cutting path L from 1600 m to
3200 m were growing very slowly. The minor increase was observed for all the values
of the feed per cutter (0.50 mm, 1.00 mm, 1.50 mm and 2.00 mm). There, the wear of
the tool’s cutting edge became gradually stabilized, and the increase in the results of
the microgeometric characteristics of cutting edge was reduced.

To summarize, the chemical composition of the steel of milling tools and its
thermal processing has evident impact on the cutting edge wear.
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Fig. 6.14. Influence of the chemical composition of steel on the cutting edge rounding radius
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Fig. 6.15 Influence of the chemical composition of steel in the cutting edge on cutting power
P in case of various values of the feed per cutter u.: a) . = 0.50 mm; b) u. = 2.00 mm
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6.4. Influence of a Tool’s Wear on the Quality of the Milled Surface
6.4.1. Influence of a Tool’s Wear on the Quality of the Birch Surface

Our researches helped us determine the influence of cutting edge rounding
radius p, feed per cutter u. and cutting speed v on processed birchen surface roughness
Rmyae. The processed surface roughness was examined along the fibre.

The major influence on surface roughness Rmuqy is caused by rounding radius
p. As the cutting edge rounding radius p is increasing for all the values of the feed per
cutter (0.50 mm, 1.00 mm, 1.50 mm and 2.00 mm) and cutting speed (22 m/s, 31 m/s
and 40 m/s), the quality of the processed surface is getting worse (Fig. 6.16), i.c., the
values of surface roughness Rm.. are increasing. The smallest surface roughness
Rmuae was obtained when a sharp tool was used for milling (p =7 pm), while the
biggest surface roughness was detected when a blunt tool was used (p =40 um).

As the cutting edge rounding radius p is increasing from 7 pm to 40 um, the
numerical values of surface roughness Rm.. increase on average by 70%. When the
cutting edge rounding radius p comes close to 30 pum, the cutter is considered blunt
and has to be sharpened. The analysis of the registered results (Fig. 6.17) allows
stating that when cutting speed v is increased from 22 m/s to 40 m/s, the reduced
values of surface roughness Rm.... are observed in all the cases of the cutting edge
rounding radius (7 pm, 20 um and 40 pm) and the feed per cutter (0.50 mm, 1.00 mm,
1.50 mm and 2.00 mm). As cutting speed v increases, the average thickness of chip a
decreases together with cutting force Fy. The highest values of surface roughness
Rmuae were detected when the cutting speed was v =22 m/s, while the values were
the lowest for v =40 m/s.

The increase of cutting speed v leads to the average decrease of surface
roughness Rminq: when the tool is sharp (p =7 um) — by 8%, and when the tool is
moderately blunt (p = 20 um) — by 20% (Fig. 4.1.2 b), whereas when it is completely
blunt (p = 40 pm) — by 17%.

The results revealed that the quality of surface roughness gets worse with the
increase of the feed to one cutter u.. When the feed per cutter u. increases, the average
thickness of shave a also increases, but the resilient restoration of the fibre is reduced.
The shave is cut only when its average thickness of chip a is much higher than the
cutting edge rounding radius p of the cutter. To summarize, it was discovered that the
processed birchen surface roughness Rm.c: increases with the growing cutting edge
rounding radius p. The best surface quality is achieved when a sharp cutter is used
(p =7 um) because the wooden fibre is cut and a spiral chip is formed. When the
cutting edge rounding radius p reaches the value of 40 um, in this case, the wood is
not cut but instead deformed and compressed. The processed surface roughness Riax
does not satisfy the quality requirements.

The quality of the processed birchen surface improves with the increasing
cutting speed v because the process of chip formation is accelerated, and the wood
fibre is cut correctly without getting destroyed by compression. The best quality of
the surface is achieved when a sharp cutter is used (p = 7 um) at a cutting speed of
v=40m/s.
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Fig. 6.16. Influence of the feed per cutter u.  Fig. 6.17. Influence of cutting speed v on

on processed surface roughness Rmq: processed surface roughness Ry

a:p=7pum;b: p=20 pm; a:p=7um; b: p=20 pm;

c:p=40 pm c:p=40 pm

Surface roughness Rm... increases with the growing feed per cutter. When the

feed per cutter u. increases, the average thickness of shave « increases as well. The
increased thickness of chip a leads to tearing rather than cutting of the deep layers of
the wood fibre. The best surface quality is achieved when a sharp cutter is used
(p =7 um), and the feed per cutter is u. = 0.5-1.5 mm.
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6.4.2. Influence of the Tool Wear on the Quality of Milled Surfaces of Various
Sorts of Wood

Our researches helped us determine the influence of the cutting edge rounding
radius p on surface roughness Rmuqx while milling pine, birch and oak specimens
along the fibre at different cutting v and feed u speeds.

To summarize the results (Fig. 6.18), the influence of the cutting edge rounding
radius p on the quality of processed surface is the biggest. The best surface quality is
observed when a sharp cutter is used for milling (p = 10 um). The growing cutting
edge rounding radius p leads to a deteriorated quality of the processed surface. When
the cutting edge rounding radius p reaches the limit of 40 pm, the irregular cutting
process starts as in this case the wood is not cut but actually deformed and
compressed. The obtained processed surface does not satisfy any quality
requirements.

The growing feed per cutter u. leads to the worsened quality of the processed
surface. The best surface quality is obtained when the feed per cutter is u. = 0.50 mm,
whereas the quality is slightly worse when u. = 2.00 mm. However, the quality of the
processed surface satisfies the requirements if a sharp (p = 10 pm) or a moderately
blunt (p =20 pm) cutter is used for milling.
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Fig. 6.18. Influence of cutting edge rounding radius p on the roughness of processed
surface Rmyuqy when: a) v =22 m/s and u. = 0.50 mm; b) v =22 m/s and u. = 2.00 mm;
¢)v=41 m/s and u. = 0.50 mm; d) v=41 m/s and u. = 2.00 mm

The growing cutting speed v improves the quality of the processed surface. The
best quality of the surface is received when the cutting speed is v =40 m/s while the
quality is slightly inferior when v = 22 m/s.
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The quality of the oak surface is better than that of the birch or the pine under
the same processing conditions.

6.4.3. Influence of the Tool Wear on the Quality of Milled Surfaces of Pine and
Black Alder Wood

According to the obtained results (Fig. 6.19), the most intensive wear of the
milling tool is in the course of the initial 400 m of the cutting path. When 400 m of
the cutting path have been passed, the milling tool gradually passes to the stage of
monotonic wear. The wear of the milling tool is more intensive when the black alder
wood is milled. When the pine wood is milled, the tool wear is reduced by 6%. The
increased feed speed and, subsequently, the increased cutting speed lead to a decrease
of the wear intensity of the milling tool.

The cutting edge rounding radius possesses the most prominent influence on
the roughness of the processed surface (Fig. 6.20 and 6.21) along and across the fibre.
The best surface quality is achieved when a sharp tool is used for milling up to 400 m
of the cutting path. The increase in the cutting edge rounding radius leads to the
worsening of the quality of the processed surface.

When the feed per cutter u. increases, the quality of the processed surface
worsens. The best surface quality is achieved when the feed per cutter is u. =
0.50 mm, and the quality is slightly worse when #. = 1.00 mm. This relation does
not depend on the sort of the wood or on cutting speed v.

The growing cutting speed improves the quality of the processed surface. The
best surface quality is achieved when the cutting speed is v = 40 m/s, and the quality
is slightly worse at v =22 m/s.

Under the same milling conditions, the quality of processed pine wood is better
than the quality of black alder. The pine surface roughness R. along the fibre is lower

on average by 11%, while across the fibre it is lower by 14%.
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Fig. 6.19. Influence of cutting path L on cutting edge rounding radius p:
a) when v =22 m/s; b) when v =40 m/s
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6.5. Conclusions

1. It was determined that the wear intensity of milling tools is affected by the sort
of the processed wood and the technological factors of the milling process: the cutting
path, the cutting edge sharpening angle, the feed and the cutting speed.

2. The parameters describing the wear of milling tools (the cutting edge rounding
radius, the blade shortening and the cutting power) confirm uneven wear of the milling
tool. It is possible to distinguish among several periods when the wear of the tools is
detected as demonstrating different regularities.

2.1. The wear of the tool is the most intensive during the first period, i.e., up to
800 m of the cutting path. It is induced by the defects in the metal structure and the
cutting edge surface caused by sharpening.

2.2. The tool’s wear becomes slower during the second period, in the section of
the cutting path from 800 m to 4000 m because crumbling wear is gradually replaced
by steady wear.

2.3. Tool wear is steady during the third period, i.e., in the section of the cutting
path from 4000 m to 16000 m. It is characterized by plastic wear. The numerical
values of the parameters describing a tool’s wear are growing evenly, and the change
in the values is close to linear.

3. The obtained data for the cutting power confirmed the assumption that the most
intensive wear of the tool is during the first period, i.e., in the section up to 800 m of
cutting path. The decrease in the growth of cutting power is noticed during the second
period, in the section from 800 m to 6000 m. The wear of the tool’s cutting edge gets
steady, and the cutting process becomes stabilized. The increase of the cutting power
in the section of the cutting path from 6000 m to 16000 m is close to zero or is very
small but it is still linear.

4. It was determined that when oak wood is milled along the fibre and the cutting
speed is increased from 22 m/s to 40 m/s, the wear of the milling tool gets slower.
When the cutting speed increases from 22 m/s to 31 m/s, the values of the cutting edge
rounding radius decrease on average by 6.60%. The difference between the results
made up 7.10% when the milling was done at cutting speeds of 31 m/s and 40 m/s.

5. It was determined that the growing feed speed leads to more intensive wear of
the tool’s cutting edge. It was determined that the wear of the tool’s cutting edge at
different values of feed per cutter varies.

6. It was determined that the wear is the most intensive when the tool’s sharpening
angle of the cutting edge is equal to 40° while the tool is the most resistant to wear
when its sharpening angle is equal to 50°. It was determined that a tool with a
sharpening angle of 45° is more resistant to wear by 8% on average, while a tool with
a sharpening angle of 50° is more resistant to wear by 10% if compared to a tool with
a sharpening angle of 40°,

7. It was determined that the chemical composition and the thermal processing of
the steels of milling tools affect the wear of the cutting edge of the tools.

7.1. Knives made from high-speed steel CTOIM—LA2 are the most resistant to
wear. The knives made from alloy-treated steel 85X6H®DT are less resistant to wear.
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7.2. It was determined that tools made from high-speed steel (HS 18) and the tool
made from ESS—HSS18 steel can be characterized as the ones showing the most
intensive wear. They were followed by a tool made from HS 18 Y 28 steel, while a
tool made from CTO1M-LA2 steel is the most resistant to wear.

8. It was determined that the quality of the processed birch surface worsens with
the growing cutting edge rounding radius.

8.1. The best surface quality is achieved when a sharp tool is used (p =7 um)
because the wooden fibre is cut, and the spiral shave is formed. When the cutting
edge rounding radius reaches the value of 40 um, the wood is not cut anymore but is
instead deformed and compressed. The quality of the processed surface does not
satisfy the real life use requirements.

8.2. It was determined that the quality of the processed birch surface improves
with the increasing cutting speed because the process of chip formation is
accelerated, and the wood fibre is cut correctly rather than destroyed by compression.
The best surface quality is achieved when a sharp cutter is used (p =7 um) at a
cutting speed of v =40 m/s.

8.3. It was determined that the quality of a milled surface gets worse with the
growing feed per cutter. When the feed per one cutter increases, the average thickness
of the chip also increases. The increased thickness of the chip leads to tearing instead
of cutting of the deep layers of the wood fibre. The best surface quality is achieved
when a sharp cutter is used (p = 7 um) when the feed per cutter is u. = 0.5-1.5 mm.

9. Under the same conditions of the processing regime, the quality of the surface
of oak wood was better than that of birch or pine wood.
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Tool Wear Evolution and Surface Formation in Milling
Various Wood Species

Gintaras Keturakis,* Regita Bendikiene,”* and Antanas Baltrusaitis ®

This study presents the results of tool wear and surface roughness of
wood processed by plain milling. The tests were done on wood samples
of pine and black alder grown in Lithuania in order to clarify time-related
tool blunting and the aspects of surface formation. The samples were
milled along the fiber in the experimental wood cutting stand at two
different cutting and feed speeds. The roughness parameter (R:) of the
processed samples was measured in five sectors along and across the
fiber using a contact profilometer. Registered values were analyzed by a
Gaussian digital filter and evaluated according to relevant statistics
seeking to minimize influence of wood anatomy. The obtained resuits
helped to determine distinctions and variations of surface roughness,
which strongly depend on the cutting path, rounding radius of the tool's
cutting edge, cutting, and feed speeds while milling pine and black alder.
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INTRODUCTION

One of the main criteria to evaluate the quality of a processed surface is its
roughness. It determines the further processing and finishing of the surface, appearance,
and usage possibilities (Richter ef al. 1995; Follrich er al. 2010; Ozcan ef al. 2012; Kuljich
et al. 2013; Pelit et al. 2015). Wood surface assessment is highly subjective from the
scientific, technological, or product exploitation points of view; nevertheless, research-
based quantitative and qualitative surface texture estimation has been carried out over
various aspects of surface formation in wood milling. Distinction between anatomic and
processing unevenness, which vary greatly for different wood physical properties, grain
angle, and tool nose conditions, remains problematic (Kilic ef a/. 2007; Malkocoglu 2007;
Aslan ef al. 2008; Magoss 2008; Kilic 2015).

Wood milling process testing, modeling, and simulation in the works of different
authors remain classic and pragmatic, showing that the following main factors affect the
surface roughness the most: species of wood, mode of surface milling, the rounding radius
(r) of the cutting edge, cutting v., and feed vy speeds (Malkocoglu 2007, Usta ef al. 2007,
Hernandez and Cool 2008; Skali¢ er al. 2009; Novak ef al. 2011; Hernandez et al. 2014;
Gaff et al. 2015; Ghosh ef al. 2015; Kvietkova et al. 2015).

Wood is an anisotropic biocomposite (Niska and Sain 2008; Stokke ef al. 2014).
The wooden cells that participate in forming the anatomic unevenness of the wood surface
are cut or deformed during mechanical processing (Goli et a/. 2001; Magoss 2008). When
the machining of the wood is analyzed, the anatomic unevenncss of the surface usually has
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not been taken into account, because in milling it is usually considerably of lower
importance compared with the mechanical factors.

The classical wood cutting theory states that the surface roughness increases with
the wear of the cutting tool (Magoss 2008). The main cause of the tool wear is considered
to be the mode in which the tool nose and front friction interact with the wood (Beer ef al.
2003, 2005; Beer 2005). Therefore, changes in the form of the cutting edge mainly depend
on the angular and micro-geometrical parameters (Porankiewicz 2006; Kowaluk et al.
2009; Azemovic ef al. 2014) or technical characteristics of tools (Bendikiene and Keturakis
2017).

A number of related studies in the literature indicate the significance of feeding
conditions in the milling of wood material (Sogutlu 2010). The feeding or cutting speed
has an impact on the wood surface roughness (Sogutlu ef a/. 2016). In other words, surface
roughness increases as feed rate is increased in the milling process (Sogutlu 2017).

Wood cutting theories give various models of chip and surface formation. For
milling processes, the following algorithm related to tool wear evolution explains the
cutting phenomenas (Csanady and Magoss 2013): when the wood is milled with a sharp
tool (r < 20 um), the beginning of the cutting process is considered to be concentrated at
the contact of the cutting edge with the minimal contact stress matrix to the wood
(Keturakis and Juodeikiene 2007). The cutting edge of the tool cuts the wooden fibers and
forms continuous chips or shavings of the regular form. The quality of the processed
surface is of the highest quality and the defects are caused by the unfavorable direction of
wooden fibers, or microcrushing at the top of the cutting edge (Su ez al. 2002, 2003).

When milling is performed using a dull tool (20 < # < 40 pum), the undesirable
process of the tool nose bottom sliding on the wooden surface appears (Keturakis and
Juodeikiene 2007). During the sliding period the tool’s cutting edge slides along the surface
of the wood and deforms and compresses it. Under the influence of the viscous-elastic
deformation, the wooden surface absorbs the compressing effect of the tool’s cutting edge.
However, the plastic and residual deformations cause the formation of a resilient wooden
layer in front of the tool that rolls as the wave. When the tensions of this surface layer reach
a critical limit, the fiber disruption process starts. When the fibers are cracked and up-lifted,
the tool’s cutting nose effectively reaches the wood. This is the end of the sliding process
and beginning of chip cutting. The quality of the processed surface 1s substantially worse
compared with the sharp tool; separate splits and rougher stress-recovery segments appear
(Goli et al. 2001; Magoss and Sitkei 2001).

When milling is done with a blunt tool (» > 40 um), the irregular cutting process
takes place (Keturakis and Juodeikiene 2007). The blade forms the surface not directly and
primarily by the tool nose cutting, but mostly through dcep stress penetration, fiber
compression, and disruption. Due to the resilient changes of the sliding period, the place
of slippage through the fibers extends much more and remotely forward from the cutting
nose contact zone. This is the reason why the uncontrolled chip splits along the grain
appear, causing noticeably rougher surface parts. The resilient density related stress
recovery of the machined wood surface up to 0.2 mm or even more start. The processed
surface does not satisfy the acceptable quality criteria (Magoss and Sitkei 2001).

A similar model might be applied to the milling kinematics. When the feed per
cutter fz grows from 0.5 mm to 3.0 mm, the kinematic (processing) unevenness appears,
and the quality of the surface decreases (Magoss and Sitkei 2001). The waviness of the
surface is attributed to the kinematic unevenness. It is formed by the rotating movement of
the milling tool. The surface waviness is described by the length and depth of the wave. It
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is possible to calculate and predict these parameters. The size of the kinematic unevenness
depends on the number of the cutters taking part in the cutting process, cutting radius, feed
per cutter, and cutting speed, but the grain direction is essential. The most optimal cutting
regime and the best quality of the surface are achieved when the feed per cuiter f; is from
1.0 mm to 2.0 mm (Brown and Parkin 1999; Magoss and Sitkei 2001; Jackson ef al. 2002;
Hynck er al. 2004).

When the cutting speed increases, the quality of the surface normally improves. For
flat cylindrical milling of the wood planes, the recommended cutting speed is from 35 m/s
to 55 m/s. In this range of the cutting speed, the best quality of the surface and the lower
numeric values of the cutting forces are achieved. When the cutting speed is further
increased (v. > 60 m/s), the cutting force increases, and the vibration of the cutting tool
becomes more active. The tool’s vibration creates additional unevenness that decreases the
quality of the processed surface (Magoss 2008; Gaff e al. 2015; Kvietkova et al. 201 5).

The angle of fiber direction primarily affects the quality of the surface. The surface
roughness decreases with the increase of the angle between the fiber direction and the
vector of cutter feed speed. However, when a moderately blunt tool is used, the surface
roughness decreases with the increase of the angle of fiber direction up to 30°, and then it
starts to grow again. When tests with the blunt cutter were donc, the opposite effect was
noticed, i.e., the roughness increases when the fiber angle changes from 30° to 40° (Goli
et al. 2010).

While examining milled surface quality of thermally modified and not modified
Pinus sylvestris L. (Pinkowski ez al. 2016) it was ascertained that the higher feed speed
(5 m/min) led to increase of surface roughness parameters and reduction of surface quality;
thermally modified pine wood showed lower surface roughness. Very similar results were
achieved with birch wood (Betula pendula 1) — increascs in cutting speed reduced the
average roughness, while increases in feed speed had the opposite effect (Kvietkova et al.
2015). The highest roughness was achieved after plane milling with a feed speed of 11
m/min.

Modern wood milling studies provide more and more knowledge on tool
interactions with wood and subsequent surface formation. The objective of present study
was to determine the influence of the cutting path and rounding radius of the cutting edge
on the surface roughness, when the wood samples of pine and black alder is milled along
the fiber at different cutting and feeding speeds. Special attention was given to the
phenomenon emerging during transition from the initial and hi ghly dynamic tool nose wear
towards more stable and monotonic abrasion,

EXPERIMENTAL

The testing samples were made from the wood of pine and black alder grown in
Lithuania (Table 1).

Table 1. Physical Characteristics of Wood

Moisture  [Number of Annual |Average Width of | Average

Wood Species Content w | Rings per 1 cm Annual Ring Density

(%) (mm) (kg / m)
Pine (Pinus sylvestris L.) 10.9 4.21 237 504
Black alder (Alnus glutinosa L.) 9.4 3.92 2.55 457
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A total of 60 samples were prepared with a length of 1000 mm, width of 100 mm,
and thickness of 45 mm. The average temperature in the testing room was =18 +2 °C,
and relative air humidity was ¢ = 60 £ 5%.

The high-speed tool steel (HS 18-0-1) milling knives were used for the tests
(Table 2). The chemical composition of the stecl HS 18-0-1 (ISO 4957 1999) is presented
in Table 3. Before the tests, all the knives were sharpened in the same conditions.

The tests were done in the stand for woodcutting, specially arranged on the base of
a thickness planer (SR3-6). The samples were processed according to the scheme of the
longitudinal milling, when the directions of the cutting speed v. and feed speed vy vectors
are opposite (Bendikiene and Keturakis 2017). The conditions of milling tests are presented
in Table 4. Two knives were fastened in the cylindrical head of the knives, but only one

took part in the cutting process. The sccond was used for balancing compensation.

Table 2. Specifications of Milling Tool

Steel HS 18-0-1
Hardness 61 HRC
Dimensions of milling blade, mm 60 x30 x 3
Sharpness angle 8 40°

Table 3. Chemical Composition of HS 18-0-1 Steel

Chemical composition of the steel (wt.%)

Cc Si Mn Cr \ W

0.70-0.78 <045 <040 3.80-450 1.00-120 17.5-18.5
Table 4. Milling Test Conditions

Cutting speed v (m/s) 22,40

Feed speed vs (m/min) 2,4, 8

Rotational speed v, (rpm) 4080, 7420

Feed per cutter f; (mm) 0.50; 1.00

Depth of milling h (mm) 2

Width of milling b (mm) 45

Cutting diameter D (mm) 103

Number of cutting edge z (unit) 1

Cutting angle & (degree) 60

The thickness of the chip @ (mm) was changed indirectly, through the feeding per
cutter £z=0.50 mm and 1.00 mm. The samples were processed at two cutting speeds,
ve =22 m/s and 40 m/s.

The main characteristic for describing the wear of the milling tool was selected to
be the rounding radius » (um) of the cutting edge. The factual values of rounding radius
were determined using the method of lead imprints (Miklaszewski ez a/. 2000) and optical
microscope (Nikon Eclipse E200, Tokyo, Japan), with a digital video camera (Lumenera
Infinity 1, Ontario, Canada).

The values of the rounding radius » of the cutting edge were measured at the
following intervals of the effective (real) tool nose cutting path L: 0 m, 50 m, 100 m, 150
m, 200 m, 400 m, 800 m, and 1600 m. The measurements were repeated five times in cach
interval of the path. The received results were measured and processed using a personal
computer and software (Infinity Analyze Release 5.0.2, Lumenera Corporation, Ottawa,
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Canada). The received results were processed using the methods of mathematical statistics,
and error of radius measurement was + 2 pm.

The parameter of the processed surface roughness R. (um) was measured by a
contact stylus profilometer (Mahr MarSurf PS1, Géttingen, Germany). The radius of its
diamond tip was 2 um, measurement angle 90°, and measurement length was 17.5 mm.
The surface unevenness was measured in the same intervals of cutting path L: 50 m, 100
m, 150 m, 200 m, 400 m, 800 m, and 1600 m. Five sectors were selected in one sample
(17.5 mm x 17.5 mm), and their roughness was measured along and across the fiber. In
total 280 measurements were performed through the testing serics. All measurement results
were processed by Gaussian digital filter, and the roughness measurement error did not
exceed = 10%.

RESULTS AND DISCUSSION

The performed tests determined the influence of the cutting path and reached
rounding radius of the cutting edge on the surface roughness, when the wood samples of
pine and black alder were milled along the fiber at different cutting and feed speeds
(Kvietkova et al. 2015).

The tool was worn the most intensively in the first wear stage until the limit of
cutting path L = 400 m (Table 1). In the first stage of wear the species of wood did not have
any significant influence on the wear intensity. The difference between the values of the
rounding radius of the cutting edge in case of milling pine and black alder samples was
from 5% to 7%. In this stage the wear of tool was expressed by mechanical crumbling and
deburring of sanding scarfs on cutting edge; wood species or density were not decisive or
did not affect the blunting process. When the cutting path reached the distance of 400 m,
the tool wear gradually passed to the stage of monotonic wear. In this stage the intensity of
rounding radius growth was reduced, and further wear of the tool was even. The
microgeometry of the cutting edge changes because of temperature effect and just
negligibly because of abrasive wear (Porankiewicz 2006; Pamfilov et al. 2014). The tool
wear was observed until the cutting path of 1600 m.

The influence of the wood species on tool wear was analyzed. The tool was worn
more intensively when black alder was milled, although the density of black alder wood
was lower than that of the pine wood (Table 1). However, an exception was also noticed:
when the feed per cutter was £ = 0.5 mm and the cutting speed was increased from 22 m/s
to 40 m/s, the tool wear was lower than the pine wood milling results. The best quality was
achieved (Aguilera et a/. 2016) when cutting path had exceeded 7000 m with cutting speed
44 m/s while processing pine wood (Pinus radiata L.). When the cutting speed increased,
the large volume of the chips lost contact with the processed surface due to the pine wood
tendency to split under the influence of lower cutting forces. The chip was formed easer;
the true cutting length of cutter’s contact with the wood was reduced compared with the
milling of black alder, which tended to split less.

The influence of feed per cutter (chip thickness) on the rounding radius of the
cutting edge was analyzed. When the feed per cutter increased from 0.5 mm to 1.0 mm, the
intensity of the tool wear decreased. When the feed per cutter was £ = 0.5 mm, the most
intensive wear of the tool occurred when the black alder was milled. When the pine wood
was milled, the tool was worn 4% less than with black alder.

The received results are interesting for interpretation the postulates of classical
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wood cutting theory. With increased feed per cutter, the chip length and the true contact of
cutting edge with wood increased slightly (Csanady and Magoss 2013). Therefore, because
of the chip thickness increment, the intensity of tool wear should grow. The tendency of
dry wood splitting should also increase due to real friction and cutting edge wear. These
effects depend on wood materials and machining factors, and they usually do not
completely follow mathematical equations and models.

The results presented in Fig. 1 demonstrate a clear regularity and distinctive
character of transition between initial and monotonic tool nose wear. Certainly, individual
cases for different wood species differ, but wear modes suggest possibilities to create
reliable modeling explaining initial and monotonic tool nose wear phenomena. Such a
mechanical-tribological tool nose wear mathematical model is the objective of ongoing
specialized theoretical and experimental research of the authors of this paper.

: == _T
—a— Pine (f2=0.5 mm)
—=e— Black alder (fz=0.5 mm)

—&— Pine (fz=1.0 mm)
L =0= Black alder (fz 1.0 mm ‘

| I
8 + T T r
0 200 400 8600 800 1000 1200 1400 16
Cutting Path L (m)
a
S s
. -
T _:1_ o — =
=t T i
| I
—t— Pine {fz=0.5 mm) =
\ —a&— Black alder (fz=0.5 mm)
s | =—2— Pine {(fz=1.0mm) |
I L l —0— Black alder (fz=1.0 mm) J
8 + -+ 1 — = . | + —J.
0 200 400 600 800 1000 1200 1400 1600
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Fig. 1. Impact of cutting path L on the rounding radius r of the cutting edge when v was
a) 22 m/s or b) 40 m/s

An analysis of surface roughness showed that the surface of pine wood was
smoother than that of black alder (Figs. 2 and 3). This regularity did not change when the
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surface roughness was measured along and across the wood fiber. The tests confirmed the
theory that in case of a higher density of the wood and a lower width of rings (Table 1), a
smoother surface was achieved. Although the density of pine wood was higher only by 9%,
the received surface roughness R along the fiber was on average by 11% lower, and across
the fiber, R; was lower by 14%.

The increased cutting path and rounding radius of the tool cutting edge caused the
degradation of the milled surface quality. This tendency was noticed in all cases of cutting
speed and feed per cutter. The highest surface ronghness was achieved while milling up to
200 m of the cutting path. From the 200 m to 800 m limit, the surface roughness along and
across the fiber increased gradually. As expected, the highest numeric values of the surface
roughness R: were achieved with cutting path of 1600 m.

20

BPine (fz=0.5 mm)
mBlack alder (fz=0.5 mm)
=Pine (fz=1.0 mm)
B Black alder (fz=1.0 mm)

Rz (um)

50 100 150 200 400 800 1600
Cutting Path L (m)

a

20
mPine (fz=0.5 mm)
W Black alder (fz=0.5 mm)
®mPine (fz=1.0 mm)
BBlack alder (fz=1.0 mm)

Rz (um)

50 100 150 200 400 800 1600

Cutting Path L (m}

b

Fig. 2. Cutting and feed speed effects on surface roughness R; along the fiber when vc was
a)22 m/s orb) 40 m/s
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When the feed per cutter was increased, the surface roughness also increased. The
best quality of the surface was reached when the feed per cutter was £ = 0.5 mm, when
/== 1.0 mm led to lower quality; it did not depend on the species of wood and cutting speed.
The lowest increase of numeric values of surface roughness R, was noticed while
processing pine wood.

When the cutting speed was increased from 22 m/s to 40 m/s, the roughness of pine
wood was decreased on average by 12% and that of black alder by 7 %. This surface
tendency remained in various segments of cutting path when the cutting speed was
increased. Thus, the increased cutting path intensified the wear of the tool but with different
dynamics of blunting. When the wood was milled with a blunt tool, an irregular milling
process occurred, during which the top layers of the fibers on the newly formed surface
were deformed and compressed with different intensity and in different depth.

BPine (fz=0.5 mm) ‘
WBlack alder (fz=0.5mm) |
35 BPine (fz=1.0 mm) |
mBlack alder (fz=1.0 mm) |
30 | — -
N
x
20 —
15 =
10 4 : , =
50 100 150 200 400 800 1600
Cutting Path L (m)
a
mPine (fz=0.5 mm)
30 mBlack alder (fz=0.5 mm) |
2 Pine (fz=1.0 mm)
_BBlack alder (fz=1.0 mm)
25
€
=
& 20
15
10

50 100 150 200 400 800 1600
Cutting Path L (m)

b

Fig. 3. Cutting and feed speed effects on surface roughness R, across the fiber when v was
a) 22 m/s or b) 40 m/s
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In contrast to the above-presented hypothesis to explain and model tool nose wear
phenomena, the variations in surface roughness (Fig. 3) showed more practical tendencies
than theorctical regularities. However, some stochastic roughness behavior at the initial
cutting path up to 400 m and following monotonous surface formation was noticed. This
result confirmed presumptions on extreme importance of enhancing knowledge on tool
wear and surface formation stages and dynamics to facilitate evolution of tools, creation
eco- and energy-effective cutting processes and highly productive wood machining.

CONCLUSIONS

1. The milling tool exhibited the most intense wear in the first 400 m of cutting path. After
400 m, the milling tool wear gradually became monotonic.

2. The tool showed more intense wear when black alder was milled; the tool wear was 6%
lower when pine wood was milled.

(9]

With increased feed and cutting speeds, the intensity of the tool wear was reduced.

4. The rounding radius of the milling tool cutting edge had the most influence on the
roughness of the milled surface along and across the fiber. The best quality of the
surface was reached when a sharp (» < 13 pm) milling tool was used in the segment up
to 400 m of the cutting path. When the rounding radius of the tool cutting cdge
increased, the quality of the processed surface decreased.

5. When the feed per cutter increased, the quality of the processed surface decreased. The
best quality of the surface was reached when the feed per cutter £z was 0.5 mm, which
did not depend on the species of wood and cutting speed.

6. When the cutting speed increased, the quality of the processed surface increased. The
best quality of the surface was reached when the cutting speed ve was 40 m/s.

7. The surface quality of pine wood milled under the same conditions was higher than that
of black alder. The surface roughness R: of pine wood was lower on average by 11%
along the fiber and by 14% across the fiber.
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Introduction

Milling process is one of the most widely used processes in
wood and wood-based materials processing. Strehler et al.
[1] and Hernadez-Castaneda et al. [2] show that alongside
the quality of machined wood surface, the tool lifetime is
an essential question in the industrial complex wood
treatment process. Wood is readily available heterogeneous
material with plenty of varieties, which is used in the
furniture, packing, building constructions, beam flashings,
flooring and panelling, window frames. The majority of
wood processing companies specialise in the manufacture
of planed-milled products. According to Horman et al. [3]
and Vobroucek [4] during processing of wood by planning
milling, the key point is to ensure high-quality machined
surface with low processing costs; however, it is impossi-
ble to attain without analysis of various properties and
technological parameters: wood moisture, thermal effects,
cutting and feed speed, proper tool selection, toll geomet-
rical parameters, toll material, etc. Another very important
point in wood processing is to know which material would
be machined: different process conditions are necessary for
each species of wood to reach optimal results, wherefore it
is not possible to explore just one type of cutting tool to
achieve the best efficiency of process and high quality of
products. A good thermal conductivity of the tools is
essential in wood processing, because no cooling can be
used in this process; it was analysed by Strehler et al. [5]
and Costes et al. [6]. Temperature of the cutting tool affects
the tool cutting edge blunting and wear, because the pri-
mary properties of tool material such as hardness, fracture
toughness and chemical stability degrade on rising tool’s
temperature [7]. The heat generated during cutting process
negatively affects the quality and accuracy of the product,
herewith the life time of tool.

@ Springer
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Great demand of today’s wood industry has resulted
in intense development of the cutting tools, which
unfortunately do not always have characteristics allow-
ing a complete exploitation of the machinery. It is evi-
dent that the main problems in wood industry arise from
differences in physical and chemical properties between
wood and metal [8, 9]. Good machinability of wood
allows high cutting and feed speed, herewith natural
wood contains some water, which makes tooling very
corrosive. Natural defects of wood cause blunting of tool
edges, so extremely hard brittle materials are not suit-
able in this case. Hardened steels, high-speed tool steels,
stellites, tungsten carbide and polycrystalline diamond
tools have been used recently in wood transformation.
The most common of them are alloyed tool steels and
high-speed tool steels, because of their sufficient wear
performance and relatively low cost, herewith sintered
carbides, polycrystalline diamond tools, different anti-
wear multilayer coatings have been used recently [10].
The dominant wear of wood cutting tool is abrasion;
however, erosion of tool material and blunting of its
edges, which limits possibilities of tool application, can
be observed. It was stated in the majority of works that
final quality of wood products depends on correct choice
of cutting tool type, cutting conditions and tool perfor-
mance; selection of appropriate tool material for a cer-
tain application is directly influenced by the
characteristics of material to be machined [11, 12]. As
one of the major properties of final wood products,
surface roughness greatly depends on the anatomic
characteristics of wood, direction of wood grain and
cutting tool characteristics [13, 14].

Different types of wood milling tools are used in
industry: solid tools [made of alloy tool steel (SP), high-
alloyed tool steel (HL) or high-speed tool steel (HS)] and
built-on hard alloy blades or different high wear resistance
coatings. Shank of built-on tool is made of high carbon or
alloy tool steel, while cutting edge is produced of stellites
(ST) or plates of tungsten carbide (HW). The cutting edge
of more advanced tools is made of polycrystalline (PKD)
or monocrystalline (MKD) diamonds. Solid cutting tools
are generally used for natural wood milling, planning and
profiling contain chromium (Cr) as the main alloying ele-
ment. Chemical composition of tool steel plays an essential
role in both tool performance and final quality of wood
product.

Batch of HS tool steels is designed to be used particu-
larly for making of cutting tools. In the wood cutting
industry, the milling speed is very high and no cooling can
be applied, so the ability to maintain the hardness and wear
resistance at elevated temperatures (the property known as
red hardness) is the main reason why those tools are widely
used. Basic alloying elements ensure above-mentioned
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properties of tool. Tungsten (W) has an ability to form hard
abrasion-resistant particles; it induces red hardness and
improves hardenability. Cr easily combines with carbon
(C) creating hard and high wear resistance chromium car-
bides, at the same time giving to the substance heat resis-
tivity. Cr and nickel (Ni) content in the solid tool
guarantees high enough corrosion resistance which is
necessary for such a type of tooling. Vanadium (V) reduces
the sensibility of steel to overheating, increases heat con-
ductivity, and stimulates homogeneous distribution of
carbide phase which can cause crumbling of cutting edges.
Molybdenum (Mo), in the same way as Cr, creates carbides
very easily; the presence of this element in the steel
composition helps to create fine-grained structure and
increase hardenability; therefore, this chemical element
presents in almost all HS steels, and it also increases the
tensile strength at elevated temperatures.

SP and HS steels are used to produce wood milling
tools, sawmills and other tools for wood processing
machines. Tools made of SP steels are suitable for pro-
cessing of both wet and dry timber, while high HS steels
are used exclusively for dry woods [15]. Almost all SP and
HL are rich in Cr, which increases hardenability of steel,
initiates formation of special carbides on hardening, either
increases secondary hardness and heat resistance of steel;
chromium carbides formed during treatment reduce wear
of tool.

HS steels are used for manufacturing of wood cutting
tools which heat up during process; wear resistance of this
kind of steel is very high. High heat resistance is ensured
by content of W, Mo, V and cobalt (Co) in the steel
composition; using this type of tools operation cutting
speed is much higher than using SP steels [16].

The objective of this study is to test and compare wear
behaviour of four wood millings tools from different sup-
pliers, to analyse influence of its chemical composition and
distribution of carbide phase in the microstructure on the
tool edge recession and wear performance, while milling
comparatively hard oak wood specimens on an industrial
thickness planer with constant cutting speed and different
feed rates.

Materials and methods

For the experimental analysis, four standard wood cut-
ting tools from different suppliers made of SP steel and
HS steels were chosen. Standard grades and chemical
composition presented by suppliers are indicated in
Table 1.

All cutting tools under the experiment were strait
sharpened; its edges convergence was achieved by grinding
procedures of wood cutting tool done by suppliers.
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Table 1 Chemical composition

. Chemical composition (Wt%
of standard wood cutting tools P (wi%)

Wood milling tools

No. 1 No. 2 No. 3 No. 4
8X6HDT OTK-14 ESS-HSS18 HS 18 Y 28 CTOIM-LA2
C 0.80-0.90 0.75-0.83 0.70-0.78 0.73-0.83
Si 0.15-0.35 <0.50 <0.45 <0.50
Mn 0.15-0.40 <0.40 <0.40 <0.40
Ni 0.90-1.30 - -
S <0.03 <0.03 <0.03 -
P <0.03 <0.03 <0.03 -
A% 0.30-0.50 1.00-1.30 1.00-1.20 0.90-1.20
Ti 0.05-0.15 - - -
Cr 5.00-6.00 3.50-4.50 3.80-4.50 3.50-4.50
Mo <0.20 <1.00 - <1.00
w <0.20 17.2-18.7 17.5-18.5 17.2-18.7
Co - - - <1.00

Accurate dimensions of tools: length L, width B and
thickness S were measured using electronic calliper with
the accuracy of +0.001 mm. Accuracy of sharpness angle
f was ensured by using universal protractor Vogel No.
4443 with 5" accuracy. Tools were weighted on electronic
scales with an accuracy £0.01 g for determination of
density. Hardness measurements were accomplished on the
tools surface along the tool edge using Rockwell tester
TK—2 with diamond indenter. The stylus tip surface
roughness tester, profilometer Mahr MarSurf PS1 (the
radius of its diamond tip was 2 um, measurement angle
90°, and scanning length was 5.6 mm, cutoff filter
0.8 mm), was used for measurement of average roughness
R,, mean peak-to valley height R,, and maximum rough-
ness Ry.x; 5 values of roughness were taken and average
presented. The surface roughness was measured in the
longitudinal direction at the interval of 10 mm, so 5 mea-
surement positions in total were defined for each cutting
tool on the rake and clearance face. The surface evaluation
was performed starting from cutting side. Parameters of
cutting tools and cutting tool geometry and location of
measurements are presented, respectively, in Table 2 and
Fig. 1.

Cutting tools microstructure and its morphology were
determined using optical microscope Carl Zeiss LM 10.
Specimens for the analysis of microstructure were made
from each of wood cutting tools, then side surfaces were
grinded, and examined. The scheme of specimens cutting
position is presented in Fig. la.

Oak wood (Quercus robur) grown in Lithuania was
chosen for the testing of cutting tool performance; speci-
mens with dimensions of 100 mm x 45 mm x 1000 mm
(R x T x L) were prepared avoiding all the defects of
natural wood. The number of annual rings per 1 cm was
counted up on the end section of specimens. Moisture tester
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Gann Hydrometter Compact A was used for the estimation
of average moisture content (accuracy +1%). Finally, for
the determination of wood density samples with dimen-
sions 20 mm x 20 mm x 30 mm (R x T x L) were
produced, and were scaled on electronic balance (AND
HF-12006 GF; accuracy +0.01 g). Testing conditions were
the same for all specimens: ambient temperature
18 £ 2 °C, relative air humidity—60 + 5%, when physi-
cal characteristics of oak wood samples were as follows:
moisture content—9.50 to 10.4%, number of annual rings
per 1 cm—5.07 to 5.25, and density—518 to 570 kg/m>.

The behaviour of standard wood milling tools was
assessed on the adopted for the particular experiments
industrial thickness planer SR3-6 according to the
scheme of longitudinal milling (Fig. 2). Longitudinal mil-
ling is the most frequently used method to obtain flat sur-
faces in wood processing industry [17-19]. This type of
operation ensures high surface quality. Wood specimens
were processed by cutting speed (v.) 31 m/s with four
different feed speeds (v¢): 3.00, 6.00, 9.00 and 12.0 m/min.
Average chip thickness was alternated changing feed per
one insert (f,): 0.50, 1.00, 1.50, 2.00 mm. Wear perfor-
mance was evaluated on milling the specimens until
3200 m of cutting length.

Tool geometry was analysed by alternations of cutting
edge radius p (um), and edge recession A,, (um) of tools
[20-23].

Values of cutting edge radius were determined applying
lead impression method using optical tool measurement
microscope of 2nd accuracy class (GOST 9038-80) and
digital camera with resolution 640 x 480. Edge radius
values were registered at the intervals of true cutting length
L which is the cutting way of tool in the wood: 0, 50, 100,
150, 200, 400, 800, 1200, 1600, 2400, and 3200 m in five
places and average values were analysed; error of
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Table 2 Parameters of wood cutting tools

Parameters ‘Wood milling tools
No. 1 No. 2 No. 3 No. 4
Designation by supplier 8X6HOT OTK-14 ESS-HSSI18 HS 18 Y 28 CTOIM-LA2
Standard designation 8X6HOT Z8OWCV 18-04-01/18-0-1 HS 18-0-1 HS 18-0-1 (B18)
Standard GOST 5950-73/ NF A 35-590(92) DIN 1.3355/ UNI 2955-82
DIN-EN 847-1 1SO 4957 ISO 4957 ISO 4957
Dimensions (mm) L/B/S (Fig. 1)  60/40/3 60/35/3 60/35/3 60/30/3
Tool geometry Clearance angle o 20 £ 5, sharpness angle f§ 40 + 5/, rake angle y 30 & 5/, cutting angle 6 60 £ 5
Mass (g) 54.2 51.7 40.8 41.8
Density (kg/m®) 7360 8119 8092 8144
Hardness (HRC) 57 61 61 61
Surface roughness (um) (Fig. 1)
Rake face R,/R,/Rnax 0.518/3.35/5.18 0.281/1.79/2.92 0.251/2.11/2.98 0.168/1.28/2.24

Clearance face R,/R,/Ryax 0.600/4.11/4.90

0.272/2.30/2.72

0.285/3.39/4.23 0.430/3.68/3.95

[8)]
w

B
i\ i\ "
1 QK/Z
. / I
L/2
L
(a)

Fig. 1 Wood milling tool: a dimensions, / rake face, 2 clearance face, 3 specimen, 4 area examined using microscope; b rake face, ¢ clearance

face; 1-5 location of hardness and roughness measurements

measurements accuracy £2 pum. Reference surface was
used for the optical visual observation of edge recession
using microscope, and values were registered in the same
intervals of cutting length.

Cutting power P was figured out measuring available
power and taking out an idle motion power. Available and
idle motion power was measured using device K506
(GOST 8476-78, accuracy class 0.5) with the accuracy of
5 W. The device was attached to the stand milling mech-
anism of electrical motor in parallel mode; an idle motion
power was gauged before milling operation, while oper-
ating active power measured during whole process of
milling.
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Results and discussion

Four standard industrial tools from different suppliers were
subjected to oak wood milling process. Analysing results of
cutting edge radius, it can be stated that trend of wear
mechanism of all milling tools is conventional; four main
stages of wear are observed: first until 400 m, second—
from 400 to 800 m, third—from 800 to 1600 m, and the
last—from 1600 to 3200 m of cutting length. The first
stage gave the most intensive wear at all feeds per insert. In
the next stage of process wear slowed down, and the
growth of cutting edge radius decreased. Crumbling of
edges was replaced by continuous and stable tribological
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Fig. 2 Scheme of longitudinal milling: / specimen, 2 cutterhead, 3
examined cutting tool, 4 balance tool, D,. cutting diameter (103 mm),
v, direction of cutting speed, v, direction of feed rate, f; feed per
insert, h cutting depth (2 mm)

wear, which was common for all tools. This stage revealed
differences between wear of milling tools (Figs. 3, 4).
Wear intensity slowed down in the third section of cutting
length. Linear dependence of cutting edge radius on cutting
length was observed in the last stage of experiment. Wear
results in Fig. 3 show that cutting edge radius of cutting
tool no. 1 made of high-alloyed tool steel 8X6HDT
increased the most. Wear performance of milling tool no. 4
made of high-speed tool steel HS 18-0-1 showed the best
results at each feed per insert. Definitely it depends on
chemical composition of tool: with very similar carbon
content (~ 0.8%), material of tool no. 4 (Table 1) is richer
in tungsten, which forms hard particles; hardness of these
tools differs in few Rockwell hardness points (HRC).
More detail estimation of first stage of milling till the
100 m of cutting length points out the almost equal
increment of edge radius for all milling tools; passing the
limit of 100 m cutting tool no. 1 starts fray more inten-
sively as compared with tools nos. 2, 3 and 4. On reaching
200 m of cutting path, difference in increment of cutting

21
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'glz A 3 =2
9 —=—No.1 | |
6 ——No.2 [
3 —&—No0.3 —
0 —6—No.4 | |
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edge radius exceeds 25.7% (nos. 1 and 4). This difference
increases in all further stages of process and makes up
32.1% reaching 400 m, 36%—800 m of cutting length.
Segment of cutting path from 1600 to 3200 m properly
shows stable wear process where the values of edge radius
are just slightly increased.

Tool no. 1 made of high-alloyed steel reaches hardness
of 57 HRC after hardening and low temperature (250 °C)
tempering. Microstructure consists of tempered martensite
and carbides inclusions, which are uniformly distributed,
just in some areas of tool coarse primary carbides and
negligible linear distribution of carbides are observed
(Fig. 5a).

Hardness of rich in tungsten high-speed tool no. 2 (61
HRC) is reached after hardening and tempering at 320 °C.
Microstructure of tool consists of grains of austenite and
martensite; the average size of grain is no. 11. Low tem-
pering temperature for this type of steel does not allow to
reach secondary hardness, wherefore steel does not possess
high temperature resistance. Carbide phase is distributed
uniformly; few coarse carbides can be seen (Fig. 5b).

Almost analogous structure of tool no. 3 (61 HRC)
assures that these tools were subjected to the very similar
schedule of heat treatment (Fig. 5c).

Wear test results of tools made of high-speed tool steel
(nos. 2, 3, 4) are very similar; even hardness of these tools
is the same—61 HRC, but the best wear performance was
reached testing tool no. 4. Microstructural analysis
revealed other important issue: tools nos. 2 and 3 were heat
treated according to similar schedule; size of austenite
grain in both is no. 11 (fine) according to the standard
scale. Microstructure of tool no. 4 (Fig. 5d) differs: tool
was tempered at higher temperature or required hardening
temperature was not reached, because microstructure con-
sists of tempered martensite and fine uniformly distributed
disperse carbides. Course enough primary carbides and
light high alloyed trails are observed in the structure that
shows segregation of alloying elements in the tool blank.
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Fig. 3 Variation of cutting edge radius p (um) at different values of feed per insert f,: a f, = 0.50 mm, b f, = 2.00 mm
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Fig. 4 Variation of intensity of edge recession i, (um/m) at different values of feed per insert f,: a f, = 0.50 mm, b f, = 2.00 mm

Fig. 5 Image of microstructure: a tool no. 1, b tool no. 2, ¢ tool no. 3, d tool no. 4

Higher content of retained austenite presents in these seg-
regation zones, showing that tempering process was
incomplete; however, it did not affect wear resistance of
tool—wear resistance of tool no. 4 is the highest. It is
possible to maintain that regimes of heat treatment process
influence wear behaviour of tools, but it was not studied in
this research.

While evaluating influence of feed per insert on cutting
edge radius, it is estimated that increasing the values of
feed per insert radius of cutting edges increases as well. It
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is possible to set few periods in which wear process pro-
gresses according to different pattern. Firstly, influence of
feed per insert is very low in the cutting length until 200 m.
Cutting edge radius increases approximately in 9.76%,
when feed per insert increases from 0.5 to 1.00 mm for tool
no. 1 (Figs. 6, 7); comparing feed rates 1.00 and 1.50 mm
increment of radius makes up 5.90%; the lowest different is
observed between the highest feeds per insert—5.04%.
Results of intensity of edge recession i, prove all the
assumptions (Fig. 8).
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Fig. 6 Influence of feed per insert f, (mm) on cutting edge radius p (um) and on the intensity of edge recession i, (um/m) of tool no. 1
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Fig. 8 Influence of feed per insert on edge recession A, (um): a f, = 0.50 mm, b f, = 2.00 mm

Obtained results prove the statements of cutting theory:
on increasing average thickness of chip in wood milling
process, edges of tool wear out more intensively [19, 24]. It
is estimated that when chip thickness is lower, clearance
surface of tool wears more intensively, influence of fric-
tional force which acts to the rake surface is negligible,
because contact sliding path of clearance surface is bigger
than contact of rake surface. On increasing the thickness of
chip, friction force and contact length increase.

The highest values of cutting power P and intensity of
variation of cutting power coefficient i, are achieved
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testing toll no. 1; such a tendency is seen for all feeds per
insert (Fig. 9).

In the first period of milling until 200 m of cutting
length edges of all tools undergo intensive crumbling of
edges, therefore cutting power increases in average by
20 W. This period gives the highest increment in cutting
edge radius and the intensity of edge recession. Next period
of milling from 200 until 400 m shows stable process,
because edges of all tools decrease gradually from crum-
bling wear to low wear phase. Not linear increment of
cutting power is observed in the cutting length 400-800 m;
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Fig. 9 Influence of feed per insert f, (mm) on cutting power P (W): a tool no. 1, b tool no. 4

edges of tools reach uniform wear (no crumbling of edges)
phase. Section from 800 to 1600 m highlights slight but
linear increment of cutting power. Difference of cutting
power in the 1600 m of cutting length when feed per insert
0.50 mm: nos. 1 and 2—7.14%, nos. 1 and 3—9.52%, the
highest difference nos. 1 and 4—11.9%. When increased
feed per insert until 2.00 mm difference of cutting power
has other values: nos. 1 and 2—4.71%, nos. 1 and 3—
8.24%, the highest difference nos. 1 and 4—9.41%. These
results prove that all milling tools after 1600 m of cutting
length move to the monotonic phase of wear [25]. The last
period tested in this study (1600-3200 m) shows mono-
tonic wear; values are slightly increased for every feed per
insert.

Conclusion

In this study, the technical characteristics of four standard
tools from different suppliers have been studied by means
of cutting edge radius, edge recession, cutting power, feed
per insert. It is shown that chemical composition of tool
material and heat treatment schedule has great impact on
the tool edge wear. The highest wear resistance was shown
testing tools made of CTOIM-LA2 steel (no. 4); tools made
of high-alloyed tool steel 8X6HDT (no. 1) have presented
the highest cutting edge radius and edge recession in each
type of test as compared with other tools made of high-
speed tool steels Z8OWCV 18-04-01/18-0-1 and HS 18-0-1
(nos. 2 and 3), respectively. High-speed tool steels possess
more alloying elements, which increases hardness, strength
and wear resistance of tools.

This study revealed that wear of tool edges is more
intensive increasing feed per insert from 0.5 to 2.00 mm:
inverse dependence was defined as compared with influ-
ence of cutting speed. It is determined that increasing feed
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per one insert cutting power and cutting edge radius
increases as well.

Based on the microstructural, chemical, mechanical
analysis and wear performance of tools, high speed tool
steel CTOIM-LA2 (tool no. 4) was chosen to be the most
suitable steel among those tested for making of oak wood
cutting tool.
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ABSTRACT

In this study, the surface quality of birch wood (Bezu/a) test pieces planned with experimental
planning tools (ET'1, ET2) and influence of tool wear of quality of surface were examined. These
tools were made by surfacing using a submerged arc welding (SAW) technique and a mixture of
alloying elements (cromium, tungsten, fero-manganese, silicon carbide) spread on the surface
under industrial flux. Surface roughness was measured along and across wood fibre. According
to the results of experiments it is obviously that average roughness parameters along fibre is lower
than across. Planning tool wear results revealed that 3200 m of cutting length is not significant
for tools ET1 and ET2 wear. The same can be said about tool nose width change: For ET1
from 2.8 to 2.9 pum, and for ET2 from 2 to 3.4 pm — effect of negligible changes of tool edge
geometry on planned surface quality is low. Feed of planning tool played more significant role —
twice higher feed per insert (ET1 —1.00 mm, ET2 — 0.5 mm) showed lower surface quality after
planning. To reach necessary wood surface quality, lower feed rate and suggested experimental
planning tool ET2 with higher wear resistance than commercial tool is preferable for planning
of birch wood.

KEYWORDS: Wear resistance, surface roughness, planning, wood, wear.

INTRODUCTION

Studies concerned with investigation of surface roughness of wood started later than studies
of surface properties of metal products in the metal industry. These studies were conducted at a
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number of different countries at different times. (Aslan et al. 2008).

The surface quality of solid natural wood is one of the most important properties influencing
further manufacturing processes such as joining, finishing, bonding or strength of adhesive
joints. Adhesives used in such applications are absorbed by the wood depending on surface
roughness, thereby increase the strength of the mechanical bond between the wood and adhesive.
The roughness level of the wood surface also affects the wettability of its surface thus the bond
quality. Good wettability frequently ensures good bonding quality. In other words, as a result
of the decrease in the surface roughness, contact angle values decrease and consequently, the
bonding strength of the wood product increase. However, ultra-smooth surfaces can reduce the
bonding strength of wood. Therefore, it is important to determine surface roughness of the final
product in the wood machining. On the other hand, determination of the surface roughness is a
complex process due to the anatomical structure of wood, the cutting processes and machining
conditions (Tiryaki et al. 2014, Kilic et al. 2006).

Traditionally, in furniture wood industry, aesthetics of surfaces is primary property.
Appearance of the final products, which depends on the surface quality, has a considerable
influence on their aesthetics. Therefore, surface appearance of wooden products primarily
concerns on final use. However, determination of surface quality is a complex process depending
on the heterogeneous structure of the wood, kinematics of the cutting process, and machining
conditions. Machining properties and surface roughness regarding the surface quality of woods
can be determined according to the available standards. Machining properties of woods are
directly related to machining defects (fuzzy grain, torn grain, raised grain, etc.) (Malkogoglu
2007).

Increased cutting speed results in an improved surface finish of wood products (Mithchell
and Lemaster 2002). Planed surface characteristics of solid wood is a function of machining
quality, which is directly related to knife marks per cm and not by cutter head speed alone (Kilic
et al. 2006).

Surface quality of wooden products may be defined by topography or profile. Profiles are
more widely used in evaluation of surface unevenness; also less-expensive equipment is required
for profile measurement in comparison to topography (Korkut and Akgol 2007). There are
several methods including visual, optical, laser, ultrasonic, electric, photographic, pneumatic
technique and stylus type equipment, there is no accepted standard method to determine surface
roughness of wood. Stylus type equipment was used successfully in many scientific researches to
quantify surface roughness of wood (Tiryaki et al. 2014, Malkogoglu 2007, Aydin et al. 2006,
Dundar et al. 2008). Anatomical structure of the wood and especially the constituting elements
such as fibres, pores, tracheid, rays, annual ring variation, wood density, cell structure, and
latewood/early wood ratio are effective in the determination of the surface roughness. Therefore,
it is important to decide on the most effective and efficient method to determine the surface
roughness (Kilic et al. 2006, Malkogoglu 2007). Stylus, optical profilometer, analyses the
image using a video camera and microscope (Kilic et al. 2006, Vitosyté et al. 2015). Methods
for determination of surface roughness has some disadvantages and some advantages over each
other. One of the main advantages of the stylus method is to have actual profile of the surface
and standard numerical roughness parameters, which can be calculated from the profile. Any
kind of irregularities and magnitude of roughness on a surface can be objectively quantified by
this method (Kilic et al. 2006).

The objective of this study was to evaluate effect of machining using experimental planning
tools (Bendikiene et al. 2015) on the surface roughness of birch wood employing stylus type
profilometer: Average roughness (R,), mean peak-to valley height (R,), and R, roughness
parameters were used to describe surface characteristics of the test pieces.

X
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MATERIALS AND METHODS

In this study, birch wood (Befu/a) which is commonly utilized in the forest industry sector, was
chosen for the roughness test. Ease of use and reasonable price, have made this tree a great craft
wood, for almost any woodworking project. The wood test pieces were obtained from birch grown
in Lithuania; the lumber was first air dried, after drying in the laboratory oven it reached 7 -9 %
of average moisture content, and then it was trimmed to dimensions of 1000 x 100 x 45 mm
with radial surface. Special attention was paid to select test pieces free of any possible natural
wood defects, however it is difficult to avoid. Test pieces were conditioned at a average ambient
temperature of 20 = 2°C and 60 = 5 % relative humidity to the average moisture content of
8 %. Physical characteristics of birch wood are given in Tab. 1. The surface roughness values of
different species of wood, which have broad annual rings, are higher (Burdurlu et al. 2005).

Tab. 1: Physical characteristics of birch (Betula)

Average moisture content o (%) 7-9
Average number of annual rings per 1 cm 5.10
Average width of annual ring (mm) 1.96
Average density (kg. m3) 632

The average moisture content was estimated using electronic moisture tester Gann
Hydrometer H35 with an accuracy of £ 1 %. The number of annual rings per 1 cm was
determined by counting the rings in the end section perpendicular to the wood fibres. In order
to determine the average density of wood, the sections were cut out from each selected wood test
piece; dimensions were measured with an accuracy of + 0.01 mm using electronic sliding calliper
Wiirth 715 76 11, and weighted on electronic scales (accuracy + 0.01 g) for determination of
density.

Average roughness (R,), mean peak-to valley height (R,), and maximum roughness (R
parameters were recorded and measured at intervals of cutting length 0; 50; 100; 150; 200; 400;
800; 1200; 1600; 2400 and 3200 m. Each value at every specified cutting length was an average
of 5 tests. The stylus tip surface roughness tester, profilometer Mahr MarSurf PS1, was used to
evaluate surface roughness parameters in radial direction (across and along the fibre). Measuring
force did not put any significant damage. The main characteristics of tracing process are listed
in Tab. 2.

Five sectors in the cutting lengths of each test piece were selected for roughness measurement
in radial surface (across and along the fibre). All the test results were processed using Gaussian
digital filter in accordance with DIN EN ISO 11562 (1998). The measurement error has not
exceeded the roughness R, by + 10 %.

max)

Tab. 2: Characteristics of stylus tracing process.

Tracing direction Radial (across and along fiber)
Tracing length 17.5 (mm)
Stylus diamond tip radius 2 (pm)
Stylus diamond tip angle 90°
Measuring force 0.7 (mN)
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The planning was conducted on the stand for wood cutting, which was made in the base of
thickness planer (SR3-6), according to the scheme of longitudinal milling, with vectors of cutting
speed v and feed speed u are opposite to each other. Experimental planning tools with dimensions
of 60 x 30 x 3.5 mm were made by surfacing using a submerged arc welding (SAW) technique
and a mixture of alloying elements spread on the surface under industrial flux. Manufacturing
properties of these tools were compared with commercial cutters made of 8X6FT (GOST 6567-75)
and Freud CT01M-LA2 (Bendikiene et al. 2015) steel. Both experimental planning tools
showed better wear performance (from 3 to 4 times). Planning tools were sharpened — sharpness
angle 40°, rake angle — 30°, clearance angle — 20°, cutting angle — 60° strait. Planning conditions
were the same for each wood test piece: the test pieces were planned at 6 and 3 m.min
feed speed, at 0.50 and 1.00 mm feed per one cutter, 2 mm planning depth, 45 mm planning
width and using 1 cutter (diameter of cutterhead 103 mm, to avoid disbalance second insert was
used but not tested) on a typical industrial thickness planer (revolution 7 = 5780 min). Test
pieces were processed by cutting speed 31 m.sL.

RESULTS AND DISCUSSION

The average values of roughness parameters of birch test pieces planned using two
experimental planning tools (Bendikiene et al. 2015) measured along and across wood fibre are
given in Tab. 3. Experimental planning tool ET1 was heated up to 1100°C afterwards hammered
in order to examine the influence of plastic deformation on the wear performance, while chemical
composition of powder used to form layer was the same. Surface roughness distribution in cutting
length for both measuring directions presented in Figs. 1 and 2.

Tab. 3: Average roughness of birch test pieces across and along fibre.

Roughness ET1 ET2
parameters (um) | Alongfibre | Acrossfibre | Alongfibre | Across fibre
R, 3.95 5.15 3.34 4.94
R, 25.16 47.36 21.99 46.23
Rax 38.73 56.88 35.9 55.17
50 70
45 60
40 L ' 50 é 33 H
st ——tF— mEtEEt v g
Sy T . f s T
o L1 P S T R 0 30
o ¢ b 20
10 T T T T T T T T T 10 T T T T T T T T T
50 100 150 200 400 800 1200160024003200 50 100 150 200 400 800 1200160024003200
Cutting length (m) Cutting length (m)

Fig. 1: Surface roughness R, of birch test pieces Fig. 2: Surface roughness R, of birch test pieces
along fibre planned with ET1. across fibre planned with ET1.

Two experimental planning tools in the previous study showed better wear performance

comparing with commercial tools made of high alloyed tool steel: cutting edge radius and edge
recession of experimental inserts after 3200 m of cutting length was approximately 3 times lower
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than of standard tools. The most obvious finding from previous studies is that the relatively hard
coatings (55-57 HRC) surfaced on a soft plain carbon steel can replace some commercial inserts
made of high speed tool steels for relatively harder oak wood machining, reducing friction and
wear of wood cutting tool.

Rake angle of experimental planning tool was y = 25% it was stated by Malkogoglu and
Ozdemir 2006 that the best surface quality of the wooden products has been obtained with low
rake angle. Average roughness parameters measured along fibre showed lower values.

Received results demonstrated how wear of tool edges and feed rate influence quality of
planned surfaces: These factors were observed analysing quality of surfaces along and across
wood fibre. It is worth to mention that micro changes of tool edge geometry were analysed until
3200 m of cutting length (Vitosyté et al. 2015).

Wear results revealed that this limit of cutting length is not significant for tools ET1 and
ET2 —an increment cutting edge radius p did not exceed 1 pm. Analogous tendency was observed
examining results of negligible nose width change: For ET1 from 2.8 to 2.9 um, and for ET2
from 2 to 3.4 pm. Therefore, effect of negligible changes of tool edge geometry on planned surface
quality is low. Slight changes of surface quality during planning along and across wood fibre were

Fig. 3: Edge crumbles during planning; a) ET1 (L = 100 m); b) ET1 (L = 1600 m); ¢) ET2 (L = 400 m);
d) ET2 (L = 2400 m).

Then resultant values of roughness parameter R,, along wood fibre were 33.8 and 31.3 pm,
while planning along fibre — 51.2 and 55.2 pum (Figs. 1 and 2). For tool ET2 reduced surface
quality was established after following lengths — 400 and 2400 m (Fig. 3 ¢) and d)). In these cases,
values of roughness parameter R, along fibre were 24.6 and 25.6 pm, and 48.9, 50.7 um across the
wood fibre Figs. 4 and 5). Reduced surface quality associates with changes of tool edge geometry,
as on wear planning tools separate segments of edges crumbles away (Fig. 3).

When analysing influence of feed per insert (ET1 —1.00 mm, ET2 — 0.5 mm), lower surface
quality was observed after planning using ET1, comparing with surface shaped with ET2.
Numerical values of surface roughness parameter prove this observation: Values along wood fibre
were in 12.6, and across in 2.38 % higher.
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Fig. 4: Surface roughness parameters R ,, R,, and Fig. 5: Surface roughness parameters R, R, and
R, ., of birch test pieces along fibre planned with R,,,, of birch test pieces across fibre planned with
ET2. ET2.

Twice higher feed rate per insert showed lower surface quality after planning. With increasing
of feed rate, relative thickness of chip a increases as well, wherefore waviness (roughness) of
surface and cutting forces grow up. Consequently, the higher cutting force is necessary to remove
the wood portion, but chip formation process goes faster in that case. That generates the number
of surface defects, increases waviness, downiness and shagginess of surface, portion of wood
crumbles by annual ring (Magoss and Sitkei 2001, Keturakis et al. 2007).

Different values of roughness parameters R,, R, ir R,,,, along and across wood fibre were
taken. This difference in surface quality was composed because radial surface, where high
influence of annual rings presents, was analysed. Under the influence of plastic properties of
wood, dissimilar behaviour of late and early wood reveals. This effect emerges because of higher
density and hardness of late wood compare with early wood (Tiryaki et al. 2014).

CONCLUSIONS

Birch wood surface roughness directly depends on the anatomic characteristics of wood
spieces, direction of wood grain and cutting tool characteristics. When using unhammered
experimental tool ET2 (hardness after tempering 57 HRC) all surface roughness parameters
in both wood grain directions were lower than using ET1 (55 HRC), while better tool wear
performance in the previous work (Bendikiene et al. 2015) was achieved with later. Birch wood
surface roughness parameters for both experimental tools along wood fibre were approximately
1.6 times lower than parameters in the perpendicular direction. Twice higher feed per insert
showed lower surface quality after planning. Reduced surface quality associates with changes of
tool edge geometry, as on wear planning tools separate segments of edges crumbles away.
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Machining, in general, and wood machining, in particular, are complex to explain and many factors influence the process. Natural wood
is @ nonhomogeneous biological material, so each species of wood requires different machining conditions and tools. Understanding the
properties of wood and choosing the proper cutting tools and machining parameters can improve the quality of wooden products, increase
production efficiency, and improve machining. The objective of this study was to find the most suitable cutting tools for the machining of oak
wood grown in Lithuania. This paper describes tests of two commercial cutting inserts made of high speed tool steel (CTO1M-LA2 and 8X6FT)
and two experimental inserts (EI) made by surfacing using a submerged arc welding (SAW) technique and a mixture of alloying elements
spread on the surface under industrial flux. The results obtained from the milling tests demonstrated the suitability of the suggested surfaced
inserts for machining oak wood. All tool wear parameters, such as cutting edge radius, edge recession, nose width, and cutting power, have
been evaluated and compared. The cutting edge radius of El after 3200 m of cutting length was ~ 5.00 um, 3 to 4 times lower than the wear
of standard tools; similarly, the edge recession of the surfaced inserts showed 2 to 3 times lower results. The results of this study indicate that
the cutting power increases as the feed per cutter increases. These findings suggest that surfaced inserts can replace the commercial inserts
used for wood machining.

Keywords: wood milling, surfacing, edge recession, tool wear, oak

Highlights

e Cutting tool inserts were made by surfacing using a submerged arc welding (SAW) technique.
«  Wear behaviour of the presented inserts was compared with commercial inserts.

¢ Tests were performed on samples of oak wood.

»  Surfaced inserts showed better wear behaviour and cutting performance.
e The suggested technology can be used for manufacturing wood machining tools.

0 INTRODUCTION

The literature has emphasized the importance of both
wood cutting technology and the natural properties of
wood. Machining of different species of natural wood
(oak, pine, birch, etc.) and timber products requires
the usage of high quality cutting tools. Each type of
material requires different machining conditions, so
it is not possible to use one type of cutting tool to
achieve the best efficiency. A number of authors have
claimed that high quality tools are necessary due to
the particular properties of the natural materials
machined, such as the possible significant anisotropy
of the structure and the cutting behaviour of the
material in different directions (along or across to
the fibres), large sizes (for the initial processing from
the logs), unexpected changes in the structure and
a sudden rise in the internal stresses of the material
machined, the appearance of hard and brittle particles
and changes in density in a cross section, etc. [1] and
12].

Cutting tools employed in the field of wood
machining do not allow the full potential of the
machines to be fulfilled [3]. Several reports have

shown that the main problems in wood processing
arise due to differences in the physical and chemical
structure of wood and metal. Firstly wood has
relatively good machinability allowing high cutting
and feed speed; but it contains some water, making it
very corrosive [3] and [4]. Secondly, the natural defects
(knots, wane, particles of hard mineral contamination,
etc.) present in the timber can initiate blunting of the
cutting edges; therefore, very hard but brittle materials
are not suitable as cutting tools in this case. Hardened
steels, high speed tool steels, stellites, tetrahedral
amorphous carbon, composites of titanium carbides
and polycrystalline diamond wood cutting tools are
currently used in the wood industry; among them,
the most common are cemented carbides, because
of their good wear resistance and relatively low cost
compared to diamond based tools [1] and [5]. All of
the studies reviewed here support the hypothesis that
cutting tools manufactured from high speed tool steel
or surfaced with high wear resistance coatings can
replace expensive tools made of sintered carbides or
sintered polycrystalline diamond [6].

Finally, machining of wood is performed under
a very high working speed and extremely sharp

*Corr. Author's Address: Kaunas University of Technology, Studentu str. 56, Kaunas, Lithuania, regita.bendikiene@ktu.lt
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cutting edges are needed. Thus far, previous studies
have reported that the main wear mechanism is the
erosion of the cutting tool material; hence, coatings
for woodworking tools should be very hard, adherent
and smooth and exhibit high wear resistance [5] and
[7]. Another problem is the rounding of the cutting
edge radius during the cutting process. Even a small
increase in the edge radius leads to increased tool wear
and worse surface quality of the final wood product.

Thus this paper presents the results of wear
behaviour of two standard cutterhead inserts, made of
high speed tool steels for wood cutting, supplemented
by test results of experimental inserts (EI) surfaced
using submerged arc welding (SAW) technique and
a properly chosen chemical composition of alloying
flux.

1 METHODS

The base material for surfacing was cheap plain
carbon steel (C 0.14 % to0 0.22 %; Si 0.12 % to 0.13 %,
Mn 0.4 % to 0.65 %, S< 0.05 %, P < 0.04%) provided
as an 8 mm thick plate. The surfacing process was
performed on 40 mm x 100 mm samples in a single
pass using the SAW technique with alloying materials
mixture (~ 6 g) spread on the surface under the flux.
The chemical composition of the materials mixture is
presented in Table 1.

A single 1.2 mm diameter electrode low carbon
wire (C < 0.1 %; Si < 0.03 %, Mn 0.35 % to 0.6 %,
Cr < 0.15 %, Ni < 0.3%) was used for the surfacing.
The SAW was carried out with an automatic welding
device (torch MIG/MAG EN 500 78), with welding
parameters: welding current 180 A to 200 A, voltage
22 V to 24 V, travel speed 14.4 m/h, and the wire feed
rate 25.2 m/h.

Table 1. Chemical composition of the spread materials mixture

Composition of materials mixture [wt.%)]
SiC Cr W Fe-70%Mn
El 40 10 40 10
* LST EN 10204:2004 SiO, and MnO > 50 %.

Flux

AMS1*

A blended powder of materials was spread on
the surface of the base metal and fused using a metal
arc. Additional standard flux AMS1 (GOST 9087-81;
Si0, 38 % to 44 %, MnO 38 % to 44 %, CaF, 6 % to
9 %, Ca0 < 6.5 %, MgO < 2.5 %, Al,O3 <5 %, Fe,0;
<2%,S<0.15 %, P<0.15 %) was used to shield and
to protect the welding area.

The presence of chromium in the surfaced
layer affects the formation of the retained austenite,

thus slowing the decomposition of austenite, since
chromium provides some corrosion resistance. Silicon
carbide (SiC) was used as a deoxidizer in the welding
flux. Deoxidizers react with oxygen at the welding
temperature and significantly decrease the quantity of
oxides in the bead, thus increasing the quality of the
weld. Adding silicon into the flux improves the metal
mass transfer coefficient and the form of the weld, as
well as modifying the slag [7].

One testing lot of surfaced inserts were heated
to 1100 °C afterwards and hammered in order to
examine the influence of plastic deformation on the
wear properties of the tool. During hot hammering,
the face of the surfaced samples was plastically
deformed and flattened to the level of the base metal
and, as a result, the time of insert machining was
reduced (no additional cutting needed). The second
positive outcome of the smithing process was the
self-hardening of inserts in the air, i.e. tempering
following hot plastic deformation. The hardness of
surfaced inserts reached 60 HRC, while the surfaced
and hammered reached 50 HRC. After tempering at
500 °C, the hardness values were changed to 57 HRC
and 55 HRC, respectively.

The mechanical behaviour of surfaced
experimental inserts and commercial inserts was
assessed in terms of hardness and wear properties.
Table 2 shows the chemical composition of
commercial inserts. Hardness measurements of the
layers were accomplished on the wrought and heat-
treated (tempered) inserts using Rockwell tester
TK — 2 at a load of 1470 N using a diamond indenter.

Table 2. Chemical composition of commercial inserts

Quantity of elements [wt %]
C Cr Mo Ni Ti v W  Co
1* 080 587 - 091 010 020 -
2** 100 383 021 0.12 2.60 1255 0.12
* 8X6FT (GOST 6567-75) ** Freud CTO1M-LA2

Steel

The most important characteristics (Fig. 1)
selected to define the wear behaviour of inserts were:
cutting edge radius p [um], edge recession 4,, [pum],
nose width b [um], and cutting power P [W] [8].

The actual values of the edge rounding radius
were assessed using a lead imprint method with a
Nikon Eclipse E200 optical microscope and Lumenera
Infinity 1 digital camera. Infinity Analyze Release
5.0.2 software was used to analyse and evaluate the
obtained results with an accuracy of + 2 um.The
experimental results were subjected to statistical
analysis. Cutting power P was determined by
measuring the available power and taking out the idle
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motion power. Available and idle motion power were
measured with an accuracy of £ 10 W on a universal
power tester K506.

90° »

0°
Fig. 1. The main geometrical parameters of the cutting tool:
cutting angle o, sharpness angle f3, rake angle y,
and clearance angle o

The values of the cutting edge radius, edge
recession, nose width, and cutting power were
recorded and measured at intervals of cutting length
L: (0; 50; 100; 150; 200; 400; 800; 1200; 1600; 2400,
and 3200) m. Each value at every specified cutting
length was an average of 5 tests.

2 EXPERIMENTAL

Experimental inserts were strait sharpened and their
edges were converged according general grinding
procedures for inserts. The sequence of inserts
manufacturing is presented in the Fig. 2.

a) b) ¢)
Fig. 2. Sequence of experimental inserts preparation: a - blank;
b - surfaced; ¢ - insert

Table 3. Characteristics of inserts

Characteristic El1* EI2
Not tempered 50 60
Hardness, HRC After tergpering 55 57
Dimensions [mm] 60x30x3.55
Sharpness angle /3 [degree] 40
Weight of insert m [g] 45.69 45.19
Roughness of rake face R, [um] 0.135 0.152
Roughness of clearance face R, [um] 0.083 0.066

* hammered after surfacing.

Ten wood test samples were prepared from oak
wood (Quercus robur) grown in Lithuanian (Table 4)
with dimensions of 1000 mm x 100 mm x 45 mm.
Special care was taken to select samples as free as
possible of knots or other defects.

The characteristics of experimental inserts are
presented in Table 3. Hereafter accurate dimensions
of inserts were ensured by measuring inserts using
electronic callipers with an accuracy of = 0.001 mm.
The surface roughness tester, profilotemer Mahr
MarSurf PS 1, was used to evaluate the roughness of
the rake face and clearance face [9].

Table 4. Physical properties of Quercus robur

Average Average number  Average width Average

moisture of annual rings  of annual ring density

content @ [%] per 1 cm [mm] [kg/m3]
10.2 3.00 3.33 690

The average moisture content was estimated
using a Gann Hydrometer Compact A electronic
moisture tester with an accuracy of = 1 %. The number
of annual rings per 1 cm was determined by counting
the rings in the end section perpendicular to the wood
fibers [8]. Samples were weighted on electronic scales
(accuracy £+ 0.01 g) for determination of density.
Average ambient temperature of wood samples
testing was 18 + 2 °C, while relative air humidity was
60 + 5 %.

Table 5. Milling test conditions

Name Values

Ell EI2
Cutting speed 7, [m/s] 31
Feed per insert /. [mm] 1.00 0.50
Feed speed v, [m/min] 6 3
Depth of milling /2 [mm] 2
Milling width & [mm] 45
Diameter of cutterhead d, [mm] 103
Number of inserts z [unit] 1
Cutting angle ¢ [degree] 60
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The wear performance of experimental and
standard inserts was carried out on a typical industrial
thickness planer (SR3-6) with a face milling
cutterhead using oak samples as the workpiece. The
milling was conducted according longitudinal milling,
with vectors of cutting speed nc and feeding speed
nf. Milling conditions were the same for each of the
tested inserts and are shown in Table 5.

The inserts made of different steel grades and
surfaced layers were replaced for each test. The
cutterhead was designed to have two cutting edges, to
avoid the imbalance that can appear with one insert,
however while two experimental inserts were mounted
[10], only one was tested. An indirect method was
used to change the thickness of chips through the feed
per one insert /. = 0.50 mm and 1.00 mm. The cutting
speed was constant for all tested samples n. = 31 m/s.
The rotating frequency of the cutterhead measured
with an accuracy of 10 min-! using a Tachometer
Stroboscope SC-5 was n = 5790 min-1.

3 RESULTS AND DISCUSSION

The wear measurement was based on the determination
of the edge recession (cutting edge radius, edge
recession, and nose width) after each defined cutting
length (effective cutting path of the blade).

The wear test results of two experimental and
two commercial inserts showed that there are three
phases, which characterize the evolution of the insert
wear recession: running (intensive wear), linear wear
(stable), and vital wear (tool failure). It can be stated
that for each type of insert, the running period was up
to 800 m of cutting length due to intensive wear [2].
The results, as shown in Fig. 3, indicate that further
wear evolution of inserts was relatively linear or
stable.
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Fig. 3. Variation of the cutting edge radius for the feed per insert
(f.=1.0 mm)

In Fig. 3 there is a clear trend towards an increase
in the inserts cutting edge radius with increasing
cutting length. The cutting edge radius of the surfaced
and subsequently hammered insert EIl showed
the lowest wear evolution when compared with
commercial inserts: 5.22 pm. The results of the cutting
edge test are in line with those of the previous test, as
the tendency of wear of the EI2 inserts was the same:
5.35 um. The cutting edge radius of the industrial
insert made of CTOIM-LA2 was 11.2 um, while the
maximum wear values were achieved on 8XO6FT
inserts with 19.8 um. Previous studies have attempted
to explain why tools with a cutting edge radius of
more than 25 um cannot be used for machining any
more [5].

The smallest edge recession was noticed when
testing surfaced insert EI2 (Fig. 4).
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Fig. 4. Edge recession for the feed per insert (f. = 0.5 mm)
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Fig. 5. Nose width growth of surfaced inserts

There was no significant difference between edge
recession of surfaced inserts EIl and EI2 (10.66 pm
and 10.75 um respectively), while the edge recession
of industrial inserts was ~ 20 to 35 um. Overall, these
results indicate that the edge recession of experimental
tools was 2 to 3 times lower.
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As shown in Fig. 5, the nose width test was used
to analyse tool wear. The milling test was interrupted
at defined intervals of cutting length in the same way
as for previous tests.

Average tool wear or blunting can be defined as
the difference between the resultant nose width and
the initial nose width.

Cutting tool temperature is another important
factor affecting tool wear in wood machining, because
the hardness, toughness, and chemical properties of
tool material degrade when the tool’s temperature
increases [11]. Continuous plastic deformation and
shear during chip formation generates thermal energy
and friction, which appear on the rake and clearance
face of the tool, at the same time there is also friction
between the sample and the back face of the tool. The
heat generated is transferred to the cutting tool and
work sample. This heat has a negative effect on the
quality and accuracy of the machined products and on
the main parameters of cutting: cutting speed, depth
of cut, blunting and cutting power. Consequently, the
cutting power of all inserts was tested over the whole
cutting length (Figs. 6 and 7 and Table 6).
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Fig. 7. Cutting power of inserts for f. = 0.5 mm

The values of cutting power up to 400 m of
cutting length were high because of crumbling of
the top of blade’s cutting edge [12]. At this stage of
machining the cutting edge radius grew rapidly as
well. Linear or stable cutting power intensity was
observed for all inserts at cutting lengths from 1200
m to 3200 m. Wear by crumbling of inserts blades was
displaced by a plastic wear phase. Surfaced inserts EI1
and EI2 showed very similar results for cutting power,
therefore they can be used for machining of wood.

Table 6. Cutting power of inserts (W) (f. = 0.5 mm)

Cutting length [m]
50 100 150 200 400 800 1600 3200
El2 200 220 200 220 200 162 180 180
1* 218 198 175 183 175 200 220 216
2** 165 150 165 132 140 132 139 166
1* 8X6FT; 2 ** CTO1M-LA2

3 CONCLUSIONS

The lowest cutting edge radius occurred on surfaced
and additionally plastically deformed insert EIl; the
cutting edge radius after 3200 m of cutting length was
5.22 um, while for unhammered EI2 it was 5.35 um.
In summary, these results show 3 to 4 times lower
wear than commercial tools.

Better wear performance was achieved by
testing the edge recession of surfaced inserts EI1 and
EI2. In summary, edge recession of the suggested
experimental tools was 2 to 3 times lower.

The most obvious finding to emerge from the
analysis is that the relatively hard coatings (55 to
57 HRC) surfaced on soft plain carbon steel can
replace some commercial inserts made of high speed
tool steels for use in oak wood machining, thus
reducing friction and wear of the wood cutting tool.
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Influence of the Sharpness Angle on the Initial Wear of the Wood Milling Knives
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The influence of the sharpness angle £ on the initial cutter wear in milling larch wood was studied. High-speed steel
HS 18-0-1 tools were tested. The wear of knives was tested on the cutting stand by milling larch wood samples. The
main characteristic to describe the wear of cutting tool was the rounding radius of the cutting edge p, um. The cutting
power P., W, was also measured during the cutting process. Milling cutter was measured on five points using method of
lead prints the microscope and digital video camera. Received images were processed and measured with the help of

special software.
Keywords: HS steel, wood milling, tool wear, larch wood.

INTRODUCTION

The wood milling tools undergo wear during the
cutting process under the effect of force, temperature,
electrical and chemical factors. Under the influence of
these factors the mass of the tools decreases and the
geometrical parameters change. When the tool undergoes
wear and gets blunt, its effectiveness decreases, and such a
tool becomes unsuitable for work after some time [1].

The experiments show that the wear of the cutting tool
depends on the actual cutting path L, m, or work time
T, min, composition of the material from which the cutter
is made, peculiarities of the cutting regime and properties
of the wood being processed. According to the wear
dynamics (Fig. 1), the wear process of the cutting tool is
divided into three stages: initial, monotonic and emergency
[1-3].
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Fig. 1. The attrition process stages: 1 — initial; 2 — monotonic;
3 — emergency [2]

The wear of the tool tip is the most intensive in the
first stage. The initial wear of the tool makes 40 %—60 %
of all wear of the tool, while its duration is 5 %—10 % of
all working duration [2]. The main reason of intensive
wear is the crumbling and chipping of the top of cutting
edge. Remaining metal burrs and other grinding defects
also have negative impact. Angular tool parameters
(Fig. 2) are also significant: cutting angle J, sharpness
angle f, rake angle y, and clearance angle a. The following
are considered to be microgeometrical parameters of the

*Corresponding author. Tel.: +370-37-353863; fax: +370-37-353863.
E-mail address: gintaras.keturakis@ktu.lt (G. Keturakis)

cutting edge: rounding radius of the cutting edge p, um,
recession of the cutting edge in the direction of bisector of
sharpness angle A4,, um, wear area F, pmz, and width of
cutting edge b, pm [1].

90’

0
Fig. 2. Angular and microgeometrical parameters of the cutting
tool [1]

The main reason of the monotonic wear is the
mechanical wear of the cutting elements. The cutting edge
of the tool gets hot while cutting up to the temperature
t=1700...850°C [4, 5]. High temperature causes changes in
the metal structure. Undesirable electric and chemical
processes begin in the cutting area: oxidation, electrostatic
discharges, and electrochemical corrosion. These changes
significantly reduce the strength of the cutting edge [4].
The dynamics of the cutting edge wear in various areas of
the blades can vary very much. It depends on the
maintenance conditions of the tool, geometrical parameters
of its blade and properties of the material being processed.
According to the data of the researches made by various
authors, when the natural wood is processed and small
thickness shaves (a <0.1 mm) cut, the wear of the rake
face of the blade decreases with the distance from the
cutting edge, while the rake face acquires the shape of
parabola in the cross section. In case of such wear, the rake
angle y of the tool decreases, while the sharpness angle §
increases. When the thicker shave (¢ > 0.1 mm) is cut, the
sharpness angle S decreases [1—8]. However, when
various wooden materials are processed, different wear
mechanism of the cutting tools is observed. When the
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particle board (PB), middle density fiber board (MDF) or
plywood is cut, the wear of clearance face is so, that the
clearance angle a decreases and the sharpness angle S
increases. In the most cases the rounding radius of the
cutting edge p increases. However, when PB and MDF are
cut, the rounding radius p at first increases until it reaches
certain size, depending on the properties of the material
being cut, and then it stays constant for quite a long time
[8—10].

In the stage of the emergency wear the changes in the
mass of cutting tool and microgeometry of cutting edge
reach the highest values. The tool does not cut the layers of
wood any more, but swages and tears. The undesirable
process of sliding on the wood surface starts. The problem
of elastic recovery of wood also arises. Due to these rea-
sons the cutting force F,, N, and cutting power P., kW, in-
crease. The quality of the processed surface does not meet
any requirements any more. When the rounding radius of
the cutting edge p comes close to the value of 30 um, the
cutter is considered to be blunt and has to be reground.
Thus the emergency wear is rarely encountered in practice;
it is more experimental stage of the tool’s wear [11—15].

There is direct influence of the sharpness angle § on
the strength of cutting tool. When the sharpness angle f is
decreasing, the specific cutting pressure K, N/mm?, to the
rake face decreases and the durability of the tool increases.
E. G. Ivanovskyj [16] analyzed the alloyed steel milling
tools and determined that for milling soft deciduous wood,
the optimal sharpness angle is f=36°, while in case of
hard deciduous wood it is f=39°—-40°. When the sharp-
ness angle S decreases, the specific cutting pressure K to
the rake face also decreases. As a result the push-resistance
force and power used for cutting decrease significantly.

According to N. A. Kriazhev [17], if the sharpness
angle f, is reduced down to £, (Fig. 3), the additional wear
area [ is received.

Fig. 3. Influence of the sharpness angle on the wear of the cutting
edge [16]

This wear area /' could be evaluated as the increase of
the working duration of the milling knife up to certain
value of rounding radius p. However, the reduction of the
sharpness angle is determined by the strength characteris-
tics of the tool material. When the hardness HRC of the
knife material increases, the sharpness angle f§ also is
increased. The recommended sharpness angle for wood
milling tools, made of alloy steel, is f = 30°—40°, while in
case of high-speed steel (HSS) p=40°-45°, stellite
f=45°-60°, tungsten carbide (HW) f=45°-55° and
polycrystalline diamond (PCD) f=60°-70° is used
[18, 19].
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The main purpose of the research was is to determine
the influence of the sharpness angle £ on the wood milling
cutter wear in the initial stage when the larch is milled and
to determine changes of the cutting power P, with increase
of the sharpness angle f.

EXPERIMENTAL

The HS 18-0-1 (LST EN ISO 4957:2003) high-speed
steel milling knives, with following dimensions — length
70 mm, width 35 mm and thickness 3 mm — were chosen
for the experiments. The chemical composition of the
cutters (Table 1) was determined by the method of spectral
analysis, while the average hardness HRC 67.5 was
measured using the Rockwell method. Three different
sharpness angles = 40°; 45° and 50° were formed on the
grinding machine. Prior to the experiments, all the knives
were sharpened under the same conditions. Then the blades
were converged. The average sharpness angle of the blade
£ was determined with the 5' precision using a universal
optical square protractor “Vogel”.

Table 1. HS 18-0-1 steel chemical composition

Composition, wt.%

C Si Mn P S Cr Mo
0.866 | 0.342 | 0.291 | 0.050 | 0.028 4.73 0.218
Ni Al Cu Ti \ w Sn
0.307 | 0.017 | 0.236 | 0.003 | 0.825 13,4 0.041

The tests were done on the wood cutting stand made
on the base of a thickness planning machine SR3-6. The
samples were processed according to the longitudinal
milling scheme, when the directions of the cutting v, m/s,
speed and feeding u, m/min, vectors are opposite. Two
cutters were fastened to the cutterblock for cutting
diameter 103 mm. However, only one participated in the
cutting process: the second was used for balancing. The
cutters were mounted in the cutterblock, with the cutting
angle J=60° +1°. The rotation speed of the cutterblock
was n=5790min', measured with the +10 min"
precision using the stroboscopic tachometer SC-5. During
the experiment the samples were processed at the cutting
speed of v=31.2 m/s. Set by the lift of the working table
of the stand measured with a clockwork indicator, and the
thickness of the layer cut in one step was # = 2.0 mm.

60 specimens of larch wood (Larix sibirica) were
prepared for the tests. Their length was 1000 mm, width
100 mm and thickness 50 mm. The average moisture of the
samples was W =14.4 %, average number of annual rings
per 1 cm was 4.84, average basic density pj,, =679 kg/m’.
Initially samples were conditioned at temperature
t=18°C £2 °C and relative humidity of y = 60 % £5 % for
30 days.

The main characteristic specifying wear of the cutting
tool is rounding radius of the cutting edge p. The variable
factors were chosen to be: cutting path L and thickness of
the shave a. The thickness of shave a was changed
indirectly, through the feeding rate per cutter
u.=0.5;1.0; 1.5 and 2.0 mm.

The average values of the cutting power P, and
rounding radius of the cutting edge p were determined in



the following intervals of the cutting path L: 50; 100; 150;
200; 400; 800 and 1600 m. The factual values of the
rounding radius p of the cutting edge were determined by
the method of lead prints, using the tool microscope BMI
and digital video camera with (640x480) dpi resolution.
The rounding radius of the cutting edge p was measured in
five places of the cutting edge of the knife. The received
images were processed and measured on the personal
computer. The error of measuring was +2 pm.

The cutting power P, was calculated by measuring the
required power P and subtracting the idling power P,. The
required and idling powers were measured with the
precision of £5 W using the electric power gauge K506.

RESULTS AND DISCUSSIONS

The researches helped to determine the influence of
sharpness angle £ on the milling tool wear in the initial
stage. It is also determined, how the cutting power P, is
changing with increase of the sharpness angle f. It has
been monitored, what the influence of cutting path L and
feeding per cutter u, is on the wear of cutters.

The analysis of the diagrams of received results
(Fig. 4) showed that the most intensive wear belongs to the
cutter with sharpness angle = 40°, while the cutter with
S =50° is the most resistant to wear. The same tendency
was also noted at the following values of feeding per cutter
u.=0.5;1.0; 1.5 and 2.0 mm.

The most intensive increase if rounding radius of the
cutting edge p was noticed in the section of cutting path L
until 200 m. The most significant difference between the
dynamics of cutters was noticed at the feeding per cutter
u,=0.5mm. The difference in the values of rounding
radius of cutting edge p between the cutters, which had the
angles f=40° and f=50°, made 46 %, whereas it made
18 % between the cutters with the angles f=50° and
£ =45° When the feeding per cutter u, increases up to
2.0 mm, the difference between the cutters, which
sharpness angles are f=40° and § = 50°, decreases down
to 5 %, whereas the difference between the cutters, which
sharpness angles are = 50° and £ = 45°, made only 2 %.
The reduced increase of the rounding radius of the cutting
edge p with the increase of feeding per cutter u, from
0.5mm to 2.0 mm confirmed the theory that in case of
small values of feeding per cutter, the shavings of smaller
thickness are formed. Thus the wear of milling tool in this
stage is very even, while the angular characteristics of the
tool affect the wear of cutting edge directly. The cutting
edge of the tool with smaller sharpness angle f§ is sharper
and its separate segments crumble quicker. When the
thickness of the shaving a increases, the cutting forces also
increase and as the result separate segments of the cutting
edge crumble or break [2, 16].

The deceleration of the tool wear in the section from
200 m until 400 m is noticed. However, all the milling
tools wear more intensively at the feeding per cutter
u,=0.5mm and 1.0 mm. The increase of the rounding
radius of the cutting edge p is much quicker if compared to
the results received when the feeding is u, = 1.5 mm and
2.0 mm. The difference between the values of rounding
radiuses of the cutting edge p in the section of cutting path
L =400 m, when feeding per cutter is u, = 0.5 mm between

the cutters, which angles f#=40° and = 50° made 35 %,
whereas it was 21 % between the cutters, which angles are
£ =50° and p=45°. When the feeding per cutter u,
increased up to 2.0 mm, the difference between the cutters,
which angles £ =40° and = 50°, decreased down to 7 %,
whereas the difference between the cutters, which angles
£ =50° and f = 45°, made only 3 %.
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Fig. 4. Influence of the cutting path L on the rounding radius of
the cutting edge p: a — ,=0.5mm; b — u,=1.0 mm;
c—u.=1.5mm;d—u.=2.00 mm

The wear process in the section of cutting path L from
400 m until 800 m gets stable. Very even and small
increase of the rounding radius of the cutting edge p is
noticed. The difference between the values of rounding
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radiuses p in the section of cutting path L =800 m, when
feeding per cutter is u,=0.5 mm between the cutters,
which angles are f = 40° and § = 50°, made 31 %, whereas
it was 23 % between the cutters, which angles are = 50°
and f = 45°. When the feeding per cutter u, increased up to
2.0 mm, the difference between the cutters, which angles
S =40° and S =50°, decreased down to 7 %, whereas the
difference between the cutters, which angles f=50° and
S =45°, decreased only to 4 %. This is also manifested by
the increase of cutting power P, (Fig. 5).

A very small increase in the rounding radius p of the
cutting edge is noticed in the section of cutting path L from
800 m until 1600 m. The numeric values of rounding
radius p in this section increased only by 5 % at feeding
per cutter of u, = 0.50 mm and by 1 %, when u, =2.00 mm
The difference between the values of rounding radiuses p
in the section of cutting path L = 1600 m, when feeding per
cutter is #. = 0.5 mm between the cutters, which angles are
£ =40° and f=50° made 28 %, whereas it was 21 %
between the cutters, which angles are = 50° and § = 45°.
When the feeding per cutter . increased up to 2.0 mm, the
difference between the cutters, which angles £ =40° and
£ =50°, decreased down to 13 %, whereas the difference
between the cutters, which angles f=50° and f=45°,
decreased to 6 %. The milling tool wears evenly and
gradually passes to the stage of monotonous wear.

To generalize received results at various values of
feeding per cutter u., it is possible to state that the cutter,
which sharpness angle is = 45°, is more resistant to wear
by 8 %, whereas the cutter, which sharpness angle is
£ =50°, is more resistant to wear by 10 % if compared to
the cutter, which sharpness angle is f = 40°.

When the results of these researches are compared to
the works of E. Ivanovskyj [16] and G. Kowaluk [19], it is
possible to state that they are universal and correlate with
the results of these authors.

E. Ivanovskyj has analyzed the behavior of the milling
knives made from tool alloy treated steel. According to the
received results, the cutters of smaller sharpness angle S
get worn more intensively than the cutters, which angle f
is higher. However, the top of the cutters with smaller
sharpness angle f gets worn without crumbling, but
through plastic deformation of separate segments. The
hardness of alloy treated tool steel HRC is much smaller
than HSS.

G. Kowaluk was analyzing the resistance of various
steels used for making the cutting blades to the wear. He
has analyzed the resistance of high-speed steel (HSS),
chromium-plated (Cr) and wolfram carbide (HM) milling
tools to wear. The researches used cutters with the
sharpness angle § = 25, 40, 45 and 55°. The shortening of
the cutting edge was measured. When the results of
G. Kowaluk are compared to the results presented in the
article, it is possible to state that the wearing regularities of
the HSS steel cutters are very similar. When the sharpness
angle S increases, the resistance to wear also increases.

The analysis of the results of cutting power P. (Fig. 5)
helped to determine that the biggest numeral values are
received when the cutter with sharpness angle f=50° is
used, average — at f=45° and the smallest at = 40°. This
tendency was noticed with all values of feeding per cutter:
u,=0.5; 1.0; 1.5 and 2.0 mm however, the most significant

194

difference was received at the feeding per cutter of u, = 0.5
and 2.0 mm.

The cutting power P is increasing the most intensively
in the section of cutting path L until 200 m. This is related
to crumbling of the top of blade’s cutting edge. During this
cutting stage the increase of the blade’s rounding radius p
is growing especially rapidly.
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Fig. 5. Influence of the cutting path L on the cutting power P,:
a— u.=05mm; b — w.=1.0mm; ¢ — w.=1.5mm;
d—u,=2.00 mm

The increase of the cutting power P, gets smaller in
the section of cutting path L from 200 m to 400 m. The
cutting process got stable because the blades of all three



cutters gradually pass from the wear by crumbling to the
phase of plastic wear.

The small and non-linear increase of the cutting power
P is noticed in the section of cutting path L from 400 m to
800 m. In this stage the blade of milling tool start wearing
evenly, without crumbling.

The small and linear increase of the cutting power P,
is noticed in the section of cutting path L from 800 m to
1600 m. The difference of the cutting power P in the
section L=1600m, when feeding per cutter is
u, = 0.5 mm, between the cutters with angles f=40° and
£ =45° made 17 %, whereas it was 20 % between the
cutters with angles = 40° and £ = 50°. When the feeding
per cutter u. increased up to 2.0 mm, the difference
between the cutters, which angles f=40° and f=45°,
decreased down to 32 %, whereas the difference between
the cutters, which angles = 50° and £ = 40°, increased up
to 43 %. These data confirm that the milling tool gradually
passes to the stage of monotonous wear after 1600 m of
cutting path.

The results of the cutting power P, (Fig. 5) confirmed
the theory that when the sharpness angle f is increasing,
the cut shavings are deformed by stronger force. Therefore
the shaving’s attrition to front surface of the cutter
increases [16]. This dependency was also determined in the
works of E. Ivanovskyj.

The received results confirmed the presumption that
the cutting power P, increases when the feeding per cutter
u, is growing.

To generalize the comparisons, the received results are
universal and may be used in other experimental tests.

CONCLUSIONS

1. In the initial wear stage up to 400 m of the cutting
path, the most wear resistant cutter is with the
sharpness angle = 50°. It is caused by the crumbling
of cutting edge.

2. The cutting power P. increases with the increase of the
sharpness angle p. It was determined that the
consumption of the energy is the biggest at f=50°,
and the smallest at f=40°.

3. The experiments helped to determine that the
influence of the sharpness angle £ on the rounding
radius of the cutting edge p and cutting power P, is
non linear for the cutting path up to 400 m.

4. When the feeding rate per cutter u, increases, the
growth of the rounding radius of the cutting edge p
decreases. The wear of the cutting tool is the smallest
when the feeding rate per cutter is #, = 2.0 mm.

5. It is recommended to form the sharpness angle £ from
40° to 50° for the wood milling tools made from the
high-speed steel (HSS).
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The surface roughness of longitudinal milled birch wood samples as a function of main milling regimes such as milling
tool edge blunt radius p (10 pm + 40 um), feed rate of milling tool u, (0.5 mm =+ 2.0 mm) and milling tool cutting speed
v (22.4 m/s + 40.8 m/s) were investigated. The test bench with required testing regimes was created on the basis of
planning machine and by imitation milling edge radius blunt. The qualitative analysis of milled wood surface was
performed according to the results of optical microscopy. For quantitative analysis parameter Rm,,,, was calculated. It
was accepted as a difference between highest and lowest values of obtained surface irregularities in optical
microphotographs of samples cross-sections. It was obtained that the decrease of both milling tool edge blunt radius and
feed rate during milling, decreases the surface roughness and the quality of surface processing increases. The increase of
milling tool radial velocity leads on to the increase of surface processing quality, also. That leads on decrease of energy

consumption, too.

Keywords: roughness, surface, milling, blunt, blunt radius, surface quality.

INTRODUCTION

A sharp knife during milling sustains its initial micro-
geometry for a very short period of time. Experiments have
shown that especially intensively the cutting edge turns
blunt in the first period, i.e. just after sharpening. In the
second period, changes in the parameters of micro-
geometry of the cutting edge slow down. It is a situation
when it is sought to process wood with sharp tools,
however, one has to proceed inevitably with a blunt tool
[1-3].

Studies on longitudinal milling were conducted during
planning of birch wood samples. Birch is an diffuse porous
broadleaved species, having only small vessels with the
diameter ranging from 0.02 mm to 0.1 mm [4, 5]. Annual
layers are almost of the same structure, therefore, the
influence of wood microstructure uneven on the studied
process is maximally eliminated [6, 7].

Dried birch wood is considered to be hardwood [8, 9].
Usually density of birch growing in the European part may
vary from 520 kg/m® to 665 kg/m’ [10].

Table 1. Influence of the rounding radius p, um, of blade on the
surface roughness Rnip,, , pm [1]

while processing the soft and hard deciduous wood. The
surface roughness of coniferous wood was analyzed less.

Demjanovskyj published the thorough testing results
about the influence of various factors on the surface
roughness of deciduous and coniferous wood. He has done
the majority of complex tests with various wood sorts,
which grown in the Russian territory [1]. Ohta and
Kawasaki analyzed the surface roughness of Japanese larch
processed by various cutting regimes [11]. The larch
belongs to the group of coniferous wood. Therefore we
cannot compare the numeral values of the received results.
However it is possible to analyze the influence tendencies
of various factors. Costes and Larricq have used wet and
dry beech wood for their tests [12]. As the beech and birch
belong to the same group of soft deciduous trees, their
physical-mechanical properties are similar. The received
results may be compared with each other.

Table 2. Influence of the discharge for one cutter ., mm on the
surface roughness R, , pm [1]

Feed per cutter u,, mm Surface roughness Rmi,y , tm
0.1...0.4 32
0.4...1.0 60
1.0...1.5 100
1.5...2.0 200
2.0...2.5 320
2.5...3.0 500

Surface roughness Rmip,y , tm

Rounding
radius Longitudinal milling Cross milling
p, pm

softwood | hardwood | softwood | hardwood
<10 16...60 16...30 320...500 | 200...320
<20 60...200 30...100 | 320...500 | 200...320
<40 200...320 60...200 500...800 | 320...500

According to the survey of the bibliographical sources,
the majority of tests on the surface roughness was done

*Corresponding author. Tel.: +370-37-353863; fax.: +370-37-353989.
E-mail address: gintaras.keturakis@ktu.lt (G. Keturakis)
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The analysis of the works of these authors showed that
the following factors have the biggest influence on the
surface roughness: sort of wood, milling mode of the
surface, the rounding radius of blade, discharge for one
cutter, and cutting rate v, m/s [1, 12]. It was determined
that the bigger the rounding radius p, pm, of blade gets, the
bigger the surface roughness becomes (see Table 1). When
the discharge for one cutter u, is increased from 0 mm to




3.0 mm, the surface roughness Rm., pm also increases
(see Table 2). The experiments determined that when the
cutting rate is increased from 20 m/s to 40 m/s, the surface
roughness R, , um decreases. The regularity is valid not
only when the milling is done along but also across the
fiber [12].

The purpose of the research is to determine the
influence of the rounding radius p of cutter’s blade, cutting
rate v and discharge for one cutter u. on the surface
roughness of processed birchen wood.

DESCRIPTION OF A WOOD CUTTING
PROCESS

Milling is a wood cutting process during which the
rotating cutter head with knives of the cut off from the
processed surface a cycloid shaving. This process occurs
only under cutting and feeding movements. Any milling
tool characterized by cutting radius R (mm) performs a
constant rotating movement which is described by an
rotational speed @ (rad/s), or linear speed v (m/s). Feeding
movement u (m/min) is considered to be a constant
advance of a wood sample towards the cutting zone. Only
in exceptional cases the cutting tool is performing cutting
and feeding movements at the same time. [1].

Longitudinal milling is most frequently applied to
obtain flat and profiled surfaces. This method of
processing ensures a sufficiently high surface quality, and
necessary precision [13 — 15].

In the milling zone (Fig. 1) three main surfaces are
distinguished: processable surface, processed surface and
cutting surface.

In almost all milling machines feeding movement is
provided for wood samples. Milling process may be of two
types: against and in the direction of feeding. However,
any regime is described by the same values:

1) thickness of the cut layer 4 (mm);

2) milling width b (mm);

3) feed per cutting u, (mm);

4) cutting speed v (m/s).

processed
surface

processable
surface

Fig. 1. Technological scheme of longitudinal milling [1]

Thickness of the cut layer 4 is a layer of wood
removed by one movement. In the case of flat surfaces the
thickness of the cut layer is the same over the whole width
of a wood sample. Meanwhile, in the case of profiling it
may change.

Milling width b is equal to the width of the processable
wood sample. Usually this characteristic is called as
processing width.

Feeding per cutting u. is a distance between two
adjacent cutting trajectories, measured parallel to the
vector of feed speed. It is one of the most important
milling regime characteristics. Feeding per cutting . and
the number of knives z predetermine the size of feeding per
one rotation:

u,=u.z, Q)]
where u, is feeding per one tool rotation (mm), z is number
of cutting edges in a cutting tool.

Knowing feeding per cutting u, or one rotation u,
feed speed u (m/min) can be found:

u,zn
u=u,n=

" 71000

Cutting speed v is the main characteristics of the

@)

cutting process. Mathematically cutting speed v is a

geometrical sum of cutting speed vector v, and feeding

speed vector u :

v=v tu 3)

where vy is linear speed of the cutting tool, (m/s).

However, when cutting wood, feed speed u is always
considerably less than linear speed v, of the cutting tool.
Therefore, practically it is accepted

(nDn)
vy =———, 4
" 60x1000 @
where D is cutting diameter (mm), n is number of

rotations of the tool (min’l) [1].

EXPERIMENTAL

Studies on surface roughness after longitudinal milling
were carried out. Birch wood samples with dimensions of
(1000 x 100 x 45) mm, average humidity @=9.5% and
average number of annual growth rings per 1 cm equal
6.04 were selected. Initially samples were preconditioned
at temperature =182 °C and relative humidity of
=60 %5 % for 30 days.

Table 3. Matrix of experiments

Feed per cutter u,, mm
Cu“frgrjfeed 0.50 ’ 1.00 ‘ 1.50 ‘ 2.00
Feeding u, m/min
40.8 4.00 8.00 11.0 15.0
31.2 3.00 6.00 8.50 11.5
224 2.00 4.00 6.00 8.00

As changeable factors were chosen: rounding radius
p (um) of the cutting edge feed u, (mm) and cutting speed
v (m/s). Evaluating these factors, a matrix of experiments
was constructed (see Table 3).

For the studies, three knives from special steel
85XO6NFT  were prepared, with dimensions of
(60x40x3.0) mm, while cutting edge rounding radius
p=06.57;20.4 and 40.0 um (see Fig.2). Cutting edges of
the knives were modeled artificially, i.e. a sharp knife was
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made blunt by abrasing into marble plate. Actual p values
were ascertained by the method of lead imprints using a
microscope and a digital camera.

y

H

o X

Fig. 2. Microgeometrical parameters of the cutting tool

The stand was created on the basis of planer —
thicknesses machine. Modernized cutting and feeding
mechanisms, three levels of speed were obtained, i.e.
22.4;31.2 and 40.8 m/s, and a necessary range of feed
speed — 2...15 m/min. Two knives were mounted on the
shaft. However, only one took part in the cutting process
[14]. Feed height of the working table was measured by an
indicator. Thickness of the layer cut during one movement
h=2.0 mm.

Roughness of the processed surface was estimated by
Rmpa (um) parameter. The greatest and the smallest
heights of roughness S; and S, were measured with micro-
scopes MIS-11 and TSP-4M. Measurement error failed to
exceed 5 %.

According to the requirements for the ascertainment of
roughness parameters, not less than five measurements
were conducted on the studied surface. One series con-
tained 10 samples. Thus, actual number of measurements
according to one set regime comprised 50. All experimen-
tal series comprised 1800 measurements.

The greatest height of roughness H,,,, was calculated
according to formula:

/
H =h=——==10E(s,-S). (5)
max N2 2701
Roughness parameter R,y :
n
Rmmax = l Z Himax > (6)

i=1
where 7 is the number of measured rough spots (units),
H; 1y 1s the height of 7 rough spot (um).

RESULTS AND DISCUSSIONS

The research helped to determine the influence of the
rounding radius p of cutter’s blade, discharge for one cutter
u, and cutting speed v on the surface roughness of
processed birchen wood Rt ,y.

The rounding radius p of cutter’s blade showed the
biggest influence on the surface roughness Rm.. The
bigger the rounding radius p of blade gets (at any value of
discharge for one cutter u, (0.5; 1.0; 1.5 and 2.0 mm) and
cutting speed v (22.4; 31.2 and 40.8 m/s), the worse the
quality of the processed surface becomes (see Fig. 3), i.e.
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the values of surface roughness Rm,, get higher. The
smallest surface roughness Rmy,,, was achieved when
milling was done with sharp cutter p=6.57 um (see
Fig. 3, a), while the biggest one was in case of blunt cutter
p =40 pum (see Fig. 3, ¢).

When the rounding radius p of blade increases from
6.57 um to 40 um, the numeral values of surface roughness
Rmy,x increase by 70 % on average. It is possible to state
that when the rounding radius p of cutter’s blade increases
by 1 um, the processed surface roughness Rm,, increases
by 5 % on average. It is related to the attrition mechanism
of the cutting tool. When the rounding radius p of blade
increases, the width of cutting edge b (um) also increases,
and this effects the increase of the cutting force F(N).
When the rounding radius p of blade radius the value of
30 um, the cutter is considered to be blunt and has to be
sharpened. If the rounding radius p of blade increases
further, the undesirable process of sliding on the processed
surface starts. The cutter’s blade slides on the surface and
makes it deformed and compressed. Under the influence of
fiber’s resilience, the surface damps the compressing effect
of the cutter’s blade. However, due to plastic deformation
and residual deformation, in front of the cutter’s blade the
resilient layer of the wood is formed, and it rolls as a
wavelet. When the strains of this surface layer reach the
critical point, the decomposition process starts. If the fiber
ruptures, the cutter’s blade enters the wood. That is the end
of sliding period and the beginning of the cut. During the
cutting period the cutter’s blade separate new and new
layers by decomposing the fiber.

Due to the resilient changes that took place during the
sliding period, the place of fiber abruption is remote much
further from the cutting area. This causes the worsening of
surface’s quality; the fiber gets ruffled and fragmented. It
is proved by the results received in case of the rounding
radius of cutter’s blade p = 40 um (see Fig. 3, ¢).

According to the analysis of the results, when the
cutting speed v is increased from 22.4 m/s to 40.8 m/s, (at
any value of the rounding radius of cutter’s blade p
(6.57;20.4 and 40 um) and discharge for one cutter u,
(0.5; 1.0; 1.5 and 2.0 mm)), the surface roughness R,y
gets smaller (see Fig. 4). When the cutting rate increases,
the average thickness a (mm) of the cut shave decreases, as
well as the cutting force F,. The biggest surface roughness
Rm,x was achieved when cutting speed v=22.4m/s,
while the smallest was in case of v =40.8 m/s.

When the cutting rate increases, the values of the
surface roughness Rm . get smaller on average: when the
tool is sharp (p = 6.57 um) — 8 % (see Fig. 4, a), when it is
mid-blunt (p = 20.4 um) — 20 % (see Fig. 4, b), and when it
is completely blunt (p =40.0 um) — 17 % (see Fig. 4, ¢).

Fig. 3 shows the influence of the discharge for one
cutter u, on the surface roughness Rmi,,. According to the
results, the bigger the discharge for one cutter u, gets, the
worse the quality of the surface roughness is. When the
discharge for one cutter u, increases, the average thickness
a of the shave also increases, but the recovery of resilient
fiber decreases. The shave may be cut down only when its
average thickness a is significantly bigger than the
rounding radius p of cutter’s blade. This is proved by the
received results. If the rounding radius of cutter’s blade
p =6.57 um, the values of the surface roughness Rmi
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Fig. 3. Influence of feed per cutter u. (mm) for different cutting
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increases in case of exponential discharge for one cutter u,
from 0.5 mm to 1.5 mm (see Fig.3, a and b). When the
discharge for one cutter . = 2.0 mm, the numeral values of
the surface roughness Rm,y,y are significantly bigger. This
tendency repeats in case of other values of the rounding
radius of cutter’s blade p (20.4 pum and 40 um). If the
average thickness a of the shave increases, the wavelength
1, proportionally increases, as well as wave height 4, and
cutting force F\. In order to cut the wood, the bigger
cutting force F,. is used, and the process of shave
formation is faster. The number of defects on the processed
surface gets bigger. The surface becomes more wavy,
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Fig. 4. Influence of cutting speed v (m/s) for different feeding per
cutter (0.5;1.0; 1.5and 2.0 mm) on the roughness
of processed surface Rm,,, (um):a—p=6.57 um; b —
p=20.4 pm; ¢ — p =40.0 um

fluffy, and ruffled; there are encountered nicks and bumps
by the rings. This is proved by the results when the
rounding radius of cutter’s blade p = 40 um (see Fig. 3, c).
When the results of experimental tests are compared
with the results of other authors, it is possible to state that
they observe the same regularities. The impact of the sort
of wood, the rounding radius p of blade, and discharge for
one cutter u, is the same as in the work of Demjanovskyj
[1]. However the numeral values of the surface roughness
Rmyy,x, determined by our experiments are smaller on
average by 20 % if various factors are operating. This
difference is regular because we have used for the tests the
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Lithuanian birchen wood, which density is smaller, and the
physical-mechanical properties are worse as compared to
the wood that was growing in the northern Russian
regions. If the influence of the cutting speed v on the
roughness R, is compared to the results of Costes and
Larricq, the numeral values of our experiments are smaller
on average by 12 %. It is regular because these authors
have analyzed beech wood, and we have experimented
with the birchen wood [12]. The birchen wood is on
average softer by 7 %, i.e. its density is smaller. When our
results were compared with Ohta and Kawasaki, who have
analyzed the Japanese larch, the same influence tendencies
of various factors were confirmed. The numeral values
have not been compared in this case as the larch belongs to
the coniferous group [11].

To generalize the comparisons, the received results are
universal and may be used in other experimental tests.

CONCLUSIONS

1. The bigger the rounding radius p of cutter’s blade gets,
the bigger the surface roughness of processed birchen
wood Rmy,, gets. The quality is the best when the
sharp cutter is used (p = 6.57 um), as the wood is cut
and the spiral shave is formed. When the rounding
radius p of cutter’s blade reaches 40 um, the wood is
not cut, but deformed, compressed and pressed. The
processed surface roughness Rmi,, cannot satisfy the
quality requirements any more.

2. The faster the cutting speed v gets, the better the quality
of the processed birchen surface is, because the process
of shave forming gets quicker and the wood is regularly
cut, but not destroyed by compression. The quality is
the best when the sharp cutter is used (p = 6.57 um),
and when the cutting speed v =40.8 m/s.

3. When the feeding per cutter u, is increased, the surface
roughness R, also increases. When the feeding per
cutter u, is increased, the average thickness of the shave
a also increases. When the thickness of the shave a
increases, the deep wood layers are not cut but torn.
The quality is the best when the sharp cutter is used
(p=6.57 um), and when the feeding per cutter
u.=0.5...1.5 mm.
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Dékoju savo darbo vadovui doc. dr. Justinui Ruseckui uz suteiktas zinias,
palaikyma ir konsultacijas, rengiant disertacinj darba.

Dékoju savo darbo mokslinei konsultantei doc. dr. Regitai Bendikienei uz
konsultacijas, nuosirdy bendravimg ir palaikyma rengiant §j darbg.

Dékoju doc. dr. Sangaudui Chodoc¢inskui, doc. dr. Antanui Baltrusai¢iui, dr.
Edmundui Pupeliui ir lektorei Loretai Macénaitei uz naudingas konsultacijas.

Deékoju Sio darbo recenzentams uz pastabas.

Dékoju Mechanikos inzinerijos ir dizaino fakulteto dekanatui uz finansing
paramag.

Deékoju savo tévams ir sesers Seimai uz palaikymg ir supratinguma.
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PRIEDAI
1 PRIEDAS

P.1 lentelé. Frezavimo peiliy plieny cheminé sudétis (pagal standartus)

Cheminé Frezavimo peiliai
masés Nr.1 Nr.2 Nr.3 Nr.4
sudétis,
Y%
C 0,80-0,90 0,75-0,83 0,70-0,78 0,73-0,83
Si 0,15-0,35 <0,50 <0,45 <0,50
Mn 0,15-0,40 <0,40 <0,40 <0,40
Ni 0,90-1,30 — - -
S <0,03 <0,03 <0,03 -
P <0,03 <0,03 <0,03 -
\ 0,30-0,50 1,00-1,30 1,00-1,20 0,90-1,20
Ti 0,05-0,15 — - -
Cr 5,00-6,00 3,504,50 3,80+4,50 3,504,50
Mo <0,20 <1,00 - <1,00
W <0,20 17,2-18,7 17,5-18,5 17,2-18,7
Co — - - <1,00




2 PRIEDAS

P.2 pav. Legiruoto jrankiy plieno 8X6H®DT (pagal GOST 5950-73) mikrostrukttira



3 PRIEDAS

P.3 pav. Daugiavolframio greitapjovio jrankiy plieno HS 18-0-1 (pagal NF A 35-590)
mikrostruktiira



4 PRIEDAS

P.4 pav. Daugiavolframio greitapjovio jrankiy plieno HS 18-0-1 (pagal DIN 17350)
mikrostruktiira



5 PRIEDAS

P.5 pav. Daugiavolframio greitapjovio jrankiy plieno HS 18-0-1 (pagal UNI 2955)
mikrostruktiira
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