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MT - magnétisko ferodalinu parbaude (magnetic ferro-particle test)
PFM - pulvera frikcijas materials
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tf — speka tonna (tonne of force)

TOF - “time of flight” metode

UT - ultraskanas parbaude (ultrasound test)

VT - vizuala parbaude (visual test)
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ANOTACIJA

Promocijas darbs “Ritosa sastava metalpulveru antifrikcijas detalu razosanas tehnologija
un tribotehnisko 1pasibu paaugstinasana” tika izstradats lai izpetitu metalpulveru antifrikcijas
detalu raZzoSanas tehnologiju un veiktu eksperimentalas parbaudes ar mérki noteikt
metalpulveru antifrikcijas detalu ar zemo leggjoso elementu saturu, piemé&rotibu izmanto$anai
ritosa sastava bremzu sviru parvada, ka art veiktu ar tiem eksperimentus berzes koeficienta
samazinaSanai. Darba ir veikti petijumi izgatavojamo detalu tribotehniskai novértésanai un
parbaudei ar nesagraujoSo kontroli. Paradita ultraskanas un radiografijas metozu piemérotiba
poraino detalu kvalitates noverteéSanai. Izskatitas detalu statiskas un dinamiskas pres€Sanas
panémieni izmantojot impulsveida magnétisko lauku. Eksperimentali noteikti mehaniskas
apstrades parametri, lai nodroSinatu apstradajamas detalas virsmas raupjuma kvalitati.
Sniegtas rekomendacijas antifrikcijas detalu piesticinaSanai ar WS;, WSe: nanodalinas
saturoSu ellu berzes koeficienta samazinasanai.

S1 promocijas darba ietvaros veikto pétfjumu rezultati paradija, ka pulvermetalurgijas
izstradajumiem piemit plaSs ipaSibu spektrs, kas lauj tos izmantot dazadu konstrukcijas
materialu razo$ana, un tie ir drosi, izgatavojot antifrikcijas detalas. Legg€joso elementu masas
dala pulveru kompozicijas uz dzelzs bazes, tadas ka Ni un Mo, razojot antifrikcijas bukses
vagona bremzu sviru sist€mai, var tikt samazinata, jo izgatavotas eksperimentalas detalas
apliecinaja atbilstibu prasibam to uzstadiSanai vagona bremzu sviru parvada Sarnira mezglos.
Mazlegétu materialu izmantoSana antifrikcijas detalu razo$ana lauj sasniegt augstakus
ekonomiskos raditajus neietekméjot uz kustibas droSibu. Tapat darba ir atainoti pétijumi, kas
parada iesp&ju uzlabot antifrikcijas pulvermateriala tribologiskas ipasibas, piesatinot tos ar
nanodalinam, kas savukart lauj sasniegt droSakus antifrikcijas detalu izturibas un
ekspluatacijas raksturlielumus.

Promocijas darbs balstas uz autora public&tiem zinatniskiem rakstiem, pulvermetalurgijas
teoretisko procesu analizi un eksperimentaliem pétijumiem ar metalpulveru antifrikcijas
materialiem.

Promocijas darbs ka zinatnisko publikaciju kopa ir uzrakstits latvieSu valoda, taja ir
ievads, Cetras nodalas, secinajumi, literatiiras saraksts, 69 attéli, 16 tabulu, astoni pielikumi,
kopa 151 lappuse. Literaturas saraksta ir 101 informacijas avots.
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ABSTRACT

The doctoral thesis “Production Technology of Metal Powder Antifriction Parts for
Rolling Stock and Improvement of Their Tribological Properties” has been worked out in
order to research the production technology of metal powder antifriction parts and perform
experimental tests with the purpose to determine the suitability of metal powder antifriction
parts with low alloying element content to use in the brake lever mechanism of rolling stock,
as well as to perform with them tests in order to reduce the friction coefficient. Analyses for
tribological estimate and testing with a non-destructive test of the parts in production is
performed within this thesis. Suitability of ultrasound and radiography methods to quality
estimate of porous materials is shown. Techniques of static and dynamic pressure by using
impulse magnetic field are reviewed. Mechanical treatment parameters to ensure surface
roughness quality of the treated part is experimentally determined. Recommendations for
impregnation with lubricant containing WS;, WSe. nanoparticles to reduce the friction
coefficient are proposed.

The results of research performed within this doctoral thesis show that powder metallurgy
products have a specific range of properties allowing to apply them in production of various
construction materials, and they are safe when producing antifriction parts. Mass fraction of
alloying elements on the iron basis, such as Ni and Mo, when producing antifriction bushes
for the brake lever system of a car, may be reduced because the experimental parts made
attested the conformity with the requirements for installing them in the pin joints of the brake
lever mechanism of a car. Using low-alloyed materials in the production of antifriction parts
allows to obtain higher efficiency indexes with no impact on the movement safety.
Additionally, the thesis contains studies showing opportunity to improve tribological
properties of antifriction powder materials by impregnating them with nanoparticles, thus,
reaching safer resistance and exploitation characteristics of antifriction parts.

The doctoral thesis is based on the scientific articles published by the author, analyses of
powder metallurgy theoretical processes, and experimental tests with metal powder
antifriction materials.

This doctoral thesis, as a composition of scientific publications, has been drafted in
Latvian and consists of introduction part, four chapters, conclusion part, bibliography
part, 69 images, 16 tables, 8 annexes, and 151 pages in total. The bibliography part
contains 101 titles.

13



IEVADS

No dzelzcela transporta darba kvalitates izriet parvadajumu pieprasijuma nodro§inajums,
parvadajumu atrums, valsts tranzita potenciala realizacija un attistiba. Lai nodroSinatu
maksimalo transporta parvadajumu efektivitati un droSibu, it Tpasi - parsiitot kravas ar
dzelzcela transportu, ir nepiecieSams pastavigi veikt inovacijas risindjumu mekleéSana un
ieviesana. Liela mera tas attiecas uz tehnisko dalu, pirmkart, uz rito$a sastava mehanismiem.

Ka inovativs virziens minams masdienigais pulvermetalurgijas tehnologijas piclictojums,
izgatavojot svarigas detalas un mezglus, kas savukart nodrosinas kvalitativu darbu, dros$ibu un
ekonomisko efektivitati.

Pulvermetalurgija (PM) — ripniecibas nozare, kas ieklauj sevi noteiktu metozu klastu
metalisko pulveru un kompoziciju razo$ana, ka ar detalu razo$anu no $iem materialiem. Sim
detalu razoSanas veidam ir virkne priekSrocibu, kas lauj tam veiksmigi konkurgt ar citam,
biezi vien dargakam, detalu izgatavoSanas metodém (lieSana, kalSana, StancéSana).

Metalpulveru izstradajumu izgatavoSana pastav Cetri pamata etapi: pulvera izgatavoSana,
preséSana presforma, sakepinasana lidz noteiktam blivumam un sekundaras pecsakepinaSanas
operacijas Iidz gatavam produktam. Katrs no Siem etapiem ir loti svarigs produkta kvalitates
nodroS§inasanai un prasa zinatnisko principu parzinasanu.

Dzelzcela transporta specifika nosaka nepiecieSamibu nodroSinat detalu un mezglu
droSumu, darbojoties lielas Tpatn&jas slodzes un ieveérojamu temperatiiras svarstibu apstaklos,
un misdienu sasniegumi pulvermetalurgija lauj veidot metalpulveru detalas, kas atbilst
visaugstakajam prasibam. Pulvermetalurgijai ir ievérojamas priekSrocibas detalu un
sastavdalu razoSana, pateicoties jaunam pulveru kompozicijam un forméSanas metodeém.

Visstraujak pulvermetalurgija attistas tadas valstis ka Vacija, ASV, Japana, Koreja un Kina.
Latvija ir liela pieredze pulverdetalu razo$ana, pieméram, Rigas pulvermetalurgijas riipnica.
Daudzus nozimigus pétijumus pulvermetalurgijas joma veikusi Latvijas zinatnieki A.Godes,
V.Mironovs un arzemju zinatnieki O.Roman, V.Satts., F.Aizenkolbs, R.German, un citi.

Temas aktualitate

Paaugstinoties dzelzcela ritosa sastava kustibas atrumam, ka ari palielinoties vagonu
kravnesibai, palielinds bremZzu darba intensitate, 1idz ar to pieaug nodilums bremzu sviru
parvada berzes mezglos. Ka sekas nodilumam bremzu sviru parvada Sarniros var biit
spraugas, kas bitiski parsniedz pielaujamas normas, un ta rezultata savukart samazinas
bremzu kluca piespieSanas speks un samazinas vilciena bremzeSanas speks.

Lai uzlabotu vagonu bremzu sviru parvada darbu un samazinatu izdevumus ta kart€jai
uzturéSanai un remontam, parvada Sarnira mezglos uzstada antifrikcijas bukses.

Detalu nodiluma intensitate sviru parvada Sarnira savienojumos pasliktina ta darba
apstaklus un izraisa biezas reguléSanas un remonta nepiecieSamibu, kas savukart var izraisit
gan priekSlaicigu konstrukcijas elementu nolietoSanos, gan visas konstrukcijas iekiléSanos.
Agrak veikto pétfjumu rezultata tika konstatéts, ka bremZzu sviru parvada Sarnira mezglu
detalu nodiluma iemesls ir vertikalie dinamiskie triecienspéki [76].

Kops 2012. gada PM nozare sasniegusi nozimigus panakumus melno metalu, aluminija,
titana, magnija un metalu matricu kompozitu sakauséjumu apstrade. Komponentu blivums
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turpina pieaugt, uzlabojoties pulveriem, elloSanas materialiem, aprikojumam, siltajam
blivéjumam, lieltonnazas presém un sakepinasanas tehnologijai [43]. PM strauji attistijusies
peédgjo gadu laika, pateicoties izgatavojamo detalu droSibas, izturibas un cietibas
paaugstinasanai, ka ari lielgabarita izstradajumu razoSanas iesp&jam un aditivo tehnologiju
plasai ievieSanai PM [49]. Unikalo 1pasibu dé] PM tehnologiju biezi izmanto antifrikcijas
izstradajumu izgatavosana, taddu ka slidgultni, slidni, bukses un citi. Tiek izmantotas
nanotehnologijas un mekléti jauni risinagjumi metalpulveru detalu antifrikcijas ipasibu
uzlaboSanai [26], Iidz ar to ir aktuali pétijumi par metalpulveru antifrikcijas detalu
tribotehnisko Tpasibu paaugstinasanu.

Antifrikcijas detalu talako ekspluatacijas gaitu liela méra noteiks to izturiba un
tribotehniskie raksturojumi. Metalpulveru antifrikcijas detalam, to izmantoSanai rito$a sastava
bremzu sviru parvada mezglos jaatbilst paaugstinatam prasibam, tadam ka: dilumizturiba,
ilgmuziba un drosiba, nodrosSinot detalu antifrikcijas Tpasibas plasa temperatiras diapazona.
Berzes samazinasana antifrikcijas mezglos ir aktuals uzdevums [43].

PM process ir atzita metode, ko miisdienas izmanto dazadu detalu liela meéroga razosanai
ar ekonomiski izdevigo panémienu. Pastavigas prasibas izgatavojamo konstrukciju detalu
mehanisko un tribologisko ipaSibu uzlabosanai tiek pretnostatitas dazadiem PM razoSanas
virzieniem, piem&ram, ripigas pieejas veida leg€joso elementu saturam.

Tradicionali térauds PM tiek legéts Ni, Mo un Cu, tacu augstas cenas, pasi pirmajiem
diviem, kombinacija ar bistamibu veselibai, kas saistita ar Ni [1], izraisa to, ka PM industrija
péta So leggjoso elementu [9] dalas samazinasanas iesp&jas, ka ari iespgjas izmantot citus
leg€josos elementus. Tatad ir nepiecieSami jauni risingjumi, kas lautu veidot droSus,
ekonomiski izdevigus metalpulveru materialus ar atbilsto$am tribotehniskajam ipasibam.

Pétama probléema

Promocijas darba ir izpé&titas metalpulveru antifrikcijas detalas ar zemu leg€joso elementu
saturu noliika izvertét to piemérotibu izmanto$anai vagonu bremzu sviru parvada. Leggjoso
elementu saturs liela méra nosaka metalpulvera cenu, lidz ar to tiks panakta So detalu
konkurétsp&ja. No otras puses, samazinot leg€joSo elementu saturu pulveru maisijuma, var
samazinaties ar1 detalu stipribas un izturibas parametri, tatad ir nepiecieSami petijjumi par So
detalu piem@&rotibu izmantoSanai ritos$a sastava bremzu sviru parvada.

Izmantojot pulvera detalas svarigakajos mezglos, nepiecieSams parliecinaties par detalu
kvalitati. Nesagraujosas kontroles parbaudes veidi parsvara orientéti un aprobéti uz detalam,
kas razotas, izmantojot citas metodes (lieSana, kalSana) [51], [idz ar to darba veikti p&tijumi,
lai parbauditu So metoZu piemeérotibu porainam metalpulveru detalam. Neskatoties uz to, ka
PM poziciongé sevi ka razotne, kurai nav nepiecieSamas papildus operacijas péc detalu
izgatavoSanas, tomér atseviSskos gadijumos [6] ir nepiecieSamas sekundaras operacijas,
pieméram, mehaniska apstrade. Izmantojot mehanisko apstradi metalpulveru detalam, svarigi
paredzet detalas virsmas raupjuma izmainas.

Aktuala ir probléma par antifrikcijas IpaSibu paaugstinaSanu, jo, samazinot berzes
koeficientu, antifrikcijas detalam tiks panakti labveligaki darba apstakli, kas savukart
nodrosinas detalu ar zemu leggjoso elementu saturu drosaku ekspluataciju antifrikcijas
mezglos.
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Promocijas darba mérkis: metalpulveru antifrikcijas materialu razosanas tehnologijas
izpSte un mazlegéto antifrikcijas detalu tribotehnisko IpaSibu paaugstinasana izmantoSanai
rito$a sastava mezglos.

Meérka sasniegSanai tika izvirziti $adi uzdevumi:

1) izpétit metalpulveru detalu razoSanas tehnologisko procesu;

2) izanalizét metalpulveru materialu 1pasibas un to priekSrocibas izmantoSanai
dzelzcela transporta;

3) izvertet metalpulveru antifrikcijas detalu piemé&rotibu uz Fe-C-Cu bazes ar zemu
leg€joso elementu saturu izmantosanai rito$a sastava bremzu sviru parvada
mezglos;

4) veikt metalpulveru materiala preséSanas p&tijumus ar impulsveida magnétisko
lauku;

5) izvertet nesagraujosas kontroles pieme&rotibu antifrikcijas detalu kvalitates
kontrolei;

6) noteikt poraino metalpulveru slidbukses mehaniskas apstrades optimalus
parametrus;

7) izstradat metodi antifrikcijas metalpulveru detalu berzes koeficienta
samazinasanai, izmantojot WSz WSe> nanodalinas.

Pétijuma metodes

Literatiiras, zinatnisko rakstu un citas informacijas analize dazadas starptautiskajas
izdevumos un zinatniskajos Zurnalos.

Sistemiskas analizes metodes, lai pétitu c€lonsakaribas starp dazadam pulvera
kompoziciju sastavdalam un atklatu ietekméjoSos faktorus uz materiala tribotehniskajam
Ipasibam.

Empiriski eksperimentalie pétijumi ar metalpulveru materialiem un antifrikcijas detalam.

Salidzinosa metode petamo detalu Tpasibu analizei dazados pétijuma posmos un apstaklos.

Matematiskas skaitliskas analizes metodes. Galigo elementu metode, veicot mazlegétu
metalpulvera bukSu mehaniskas apstrades petijumus.

Datu apstrades statistiskas metodes ieglto rezultatu analizei. Teoretisko un
eksperimentalo petijumu analize, secindjumu un rekomendaciju sastadiSana.

Pétijuma iekartas

Metalpulveru antifrikcijas materialu 1pasibu novert€Sanai tika izmantotas vairakas
iekartas.

Tribotehniskajiem pétijumiem — “3D izmériSanas sistema Taylor Hobson Ltd.” un “CSM
Instrument” iekarta “Ball-on-disk tribometer”.

Metalografijai — “PRESI” iekartas: Mecatome 255/300; Mecapress II; Mecatech 334. un
mikroskops Keyence VHX-2000.

Kombingtas (magnéta-impulsa) tehnologijas pétijjumiem — RTU MTAF Pulvermaterialu
zinatniskas laboratorijas eksperimentala magnéta-impulsu preséSanas iekarta un Impulse
magnetizer U-series.

Nesagraujosas kontroles pétijumiem — USM 25 of Krautkramer GE Inspection
Technologies GmbH un X-ray SMART EVO 200D of YXLON iekartas.

16



Mehaniskas apstrades pétijumiem — Okuma L200 E-M.

Eksperimentala laboratorijas iekarta materialu test€Sanai uz berzi un nodilumu.

Eksperimentalajos petijumos iegiitie rezultati tika grafiski att€loti, izmantojot Microsofi
Excel, Microsoft Word un SolidWorks programmatiiru.

P&tijuma iegiito rezultatu un faktoru statistiskais nozimigums tika noveértéts, izmantojot
Excel Data Analysis un Minitab lietojumprogrammas.

Darba zinatniska novitate:

1. Paradits, ka, izgatavojot antifrikcijas metalpulveru detalas, Ni un Mo leggjoso
elementu satura pazeminasanu var kompensét, uzlabojot tribologiskas ipasibas,
piesatinot tas ar WS> un WSe; nanodalinam.

2. Noskaidrotas porainu pulvera detalu grieSanas rezimu ietekmes likumsakaribas uz
apstradatas virsmas raupjuma ipasibam.

3. Pirmo reizi eksperimentali apstiprinats berzes koeficienta samazinaSanas pané€miens
mazlegétam matalpulveru slidbuksém, kas tick izmantotas vagona bremzu sviru
parvada, piesatinot tas ar WS> un WSez nanodalinam (LV Patents Nr. 15433, 8.
pielikums).

AizstavesSanai izvirzitie pétijjuma rezultati:

1. Porainais antifrikcijas metalpulvera materials ar zemu leg€joSo elementu saturu
vagona bremzu sviru parvada antifrikcijas slidbuksu razosanai.
Poraina antifrikcijas metalpulvera materiala mehaniskas apstrades metodologija.

3. Metalpulvera antifrikcijas materiala tribotehnisko 1paSibu paaugstinasanas panémiens,
1zmantojot WS> WSe» nanodalinas.

Darba praktiskais pielietojums
Tika izgatavotas un izpétitas antifrikcijas metalpulvera bukSu ar samazinato leg€joso

elementu saturu izméginajuma paraugi. Pulvera maisfjumi ar samazinato leg€joso elementu
saturu lauj samazinat izdevumus antifrikcijas bukSu razoSanai. Paradits, ka izm&ginajuma
paraugu tribotehniskas 1pasibas atbilst prasibam lai izmantotu vagona bremZu sviru sistemas
Sarnira mezglos.

P&c poraino metalpulvera detalu izpétes rezultatiem ar nesagraujosas kontroles palidzibu
eksperimentali apstiprinats, ka ultraskanas un rentgenografiskas mikroskopijas metodes lauj
kvalitativi noteikt defektus sakepinatas pulvera detalas, ka ari metalpulvera ieliktnu
savienojuma nepartrauktibu péc saspieSanas ar impulsveida magnétisko lauku.

legtitas praktiskas zinaSanas, noteikti raksturojumi un perspektivas pulvera detalu
presé€Sanai ar impulsveida magnétisko lauku.

Izstradata poraino pulvera detalu mehaniskas apstrades metodologija. Eksperimentalie
petijumi lavusi noteikt optimalus apstrades grieSanas reZimus un konstatét, ka apstradatas
virsmas raupjums lielaka meéra atkarigs no grieSanas atruma neka no padeves atruma.

Tribotehnisko 1pasibu uzlaboSanai un antifrikcijas pulvera detalu berzes koeficienta
samazinasanai veikti pétfjumi, ka ar1 piedavata metode vagona sviru bremzeSanas sistema
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lietoto metalpulvera buksu piesatinasanai ar ellu, kas satur volframa disulfida un volframa
diselenida nanodalinas (WS2 un WSe,).

Uzprojektéta un izgatavota eksperimentala iekarta materialu test€Sanai uz berzi un
nodilumu plasa temperatiras diapazona, ka arT piedavats panémiens un iekarta poraino
izstradajumu piesiicinasanai ar nanodalinam par ko sanemti LV patenti.

Darba rezultati atklaj jaunas iesp&jas daudzpusigai metalpulveru tehnologijas
izmantoSanai, antifrikcijas materialu TpaSibu uzlaboSanai un kvalitates kontrolei.
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1. METALPULVERU MATERIALU RAZOSANAS
TEHNOLOGIJA UN TAS IZMANTOSANA DZELZCELA
TRANSPORTA

1.1. Metalpulveru materialu ipasibas

PM tehnologija ieklauj pulveru razoSanu, pulverdetalu forme&sanu, sakepinasanu un péc
nepiecieSamibas finiSa operaciju - mehanisko apstradi. Detalu razoSanas pamatparametri:
presé€Sanas spiediens un ta TstenoSanas veidi, sakepinaSanas temperatiiras rezims, vide un
procesa atrums.

Sis metalurgijas virziens ka gatavo izstraddgjumu iegiSanas panémiens saka attistities
aptuveni pirms simts gadiem. Pulvermetalurgija lauj paaugstinat metala izmantoSanas
koeficientu un paaugstinat darba razigumu. Ja vienkarsi definét pulvermetalurgiju, tad ta ir
izstradajumu izgatavosana no metala pulvera, paklaujot to lielam spiedienam, p&c tam
sakepinot augsta temperatira. Detalu izgatavoSanas process ir Iidzigs keramikas
izgatavoSanas procesam, lidz ar to pulvermetalurgiju sauc ari par metalkeramiku.
Metalpulveru izstradajumu razosanas tehnologija pastavigi uzlabojas, pilnveidojas un attistas.

Par pulvera materialiem sauc tadus materialus, ko izgatavo, pres€jot metala pulverus
nepieciesamas formas un izmeru izstradajumos un peéc tam sakepinot izveidotos izstradajumus
vakuuma vai aizsargatmosfera 0,7-0,8 kuSanas punkta temperatiird [16]. Izskir porainos un
kompaktos pulvermaterialus.

Par kompaktiem sauc materialus, kuros péc galigas apstrades atliku porainiba ir ne vairak
par 3—5%. Tos galvenokart izmanto tadu detalu izgatavoSanai, kas sanem speka, siltuma un
citas slodzes [14].

Par porainiem sauc materialus, kuros pec galigas apstrades saglabajas 10-30% atliku
porainibas. Sos sakausgjumus galvenokart izmanto antifrikcijas detalu (gultni, bukses) un
filtru izgatavoSanai [23].

Antifrikcijas materiali — tie ir materiali ar zemu berzes koeficientu vai materiali, kas sp¢j
samazinat citu materialu berzes koeficientu. Cietajiem antifrikcijas materialiem piemit
paaugstinata noturiba pret nodilumu ilgstoSas berzes gadijuma [36]. Parklajuma struktiirai
janodroS$ina pretsakere un atras piestrades iespgja pretkermenim. Materiala mehaniskajiem
raksturlielumiem jaatbilst ekspluatacijas slodz€m, bet paSiem materialiem jabut pietiekami
dilumizturigiem un plastiskiem. Antifrikcijas pulversakaus€jumiem ir zems berzes
koeficients, tie viegli piestradinami, iztur butiskas slodzes un tiem ir laba dilumizturiba.

Tiek izgatavotas dazadu veidu metalpulveru slidgultnu un slidbuksu detalas (1.1. att.), ko
nosaciti var iedalit divas grupas:

- ellas impregnétais gultnis, kas satur smérvielu pateicoties metalpulveru detalu

porainibas Tpasibam,;

- sausais gultnis, kas sastav no cietas smérvielas (grafits), kas samazina berzi bez ellas

piegades.
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1.1. att. Pulvermaterialu slidbukses [85].

No pulversakausgjumiem izgatavotie gultni péc piesiicinasanas ar ellu var darboties bez
piespiedu ellosanas, pateicoties ellas “izsviSanai” no poram [14], [80].

Dzelzs-grafita materialu metala pamatnes struktarai jabiit perlitiskai, ar saistitas oglekla
masas dalu ~ 1,0%. Tada struktira pielauj vislielakos atrumus un slodzes pie vismazaka
gultnu nodiluma. Séra (0,8-1,0%) un sulfidu (3,5-4,0%) pievienosana dzelzs-grafita
materialiem, kas veido sulfida pléviti uz berzes virsmam, uzlabo piestradinamibu, samazina
nodilumu un sakeri ar blakus esosajam detalam [81].

Frikciju materiali — tie ir materiali, kam kontakta ar metalisku virsmu ir augsts berzes
koeficients. Tiek lietoti bremz&s un varpstu berzes sajugos. Tiem raksturiga augsta frikciju
siltumizturiba (sp&ja saglabat berzes koeficientu un dilumizturibu plasa temperatiiras
diapazona), zema adh&zijas sp&ja (tiem berzes laika nav jasakeras), augsta siltuma vaditsp€ja
un siltumietilpiba, laba noturiba pret karstuma dirienu, kas rodas intensivas siltuma
izdaliSanas rezultata berzes procesa laika [36]. Frikciju izstradajumiem jabiit ar augstu berzes
koeficientu, pietickamu mehanisko izturibu un labu pretestibu nodilumam. Lai paaugstinatu
berzes koeficientu, frikciju materialu sastava ievada silicija, bora karbidus, ugunsizturigos
oksidus utt. Ka cietas smérvielas komponenti kalpo grafits, svins, sulfidi u.c.

Pulvermetalurgiju izmanto, lai izgatavotu specialos sakaus€jumus: karstumizturigus uz
nikela bazes, ar dispersiju riiditus materialus uz Ni, Ai, Ti un Cr bazes. Ar pulvermetalurgijas
metodi iegiist dazadus materialus uz W, Mo un Zr karbidu bazes.

Arvien plasaku pielietojumu gist kompakti materiali (1-3% porainibas) no oglekla un
legéta teérauda pulvera, bronzas, misina, aluminija un titana sakaus€jumiem, lai izgatavotu
visus iesp&€jamos zobratus, spriidus, kranus, gultnu korpusus, automatisko parvadu detalas un
citas maSinu detalas [2].

Metalpulvera detalam piemit sekojosas 1pasibas [14], [47]:

e Energiju saudz€joss un Tsakais razo$anas process. Pulvermetalurgijas tehnologija
nodroSina preciza izméra izstradajumu razoSanu un minimiz€ vai pilniba novers
mehaniskas apstrades procesu.

e Augsta izturiba. Ar izsvertu razoSanas procesu, materialu sagatavoSanu,
forméSanu, sakepinaSanu un pécapstradi tiek nodroSinata razojamo detalu augsta
izturiba.
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e Pasellosana. Sakepinataja materiala ir pietickams daudzums poru ellas
impregnéSanai, kas nodrosina izcilus raksturojumus gultniem un masinu dalam.

e Dazadu metalu Ipasibu apvienoSana viena izstradajuma. Apvienojot dzelzs, vara,
grafita, keramikas un citu materialu ipasibas, pulvermetalurgijas tehnologija lauj
razot materialus ar lielaku frikcijas vai antifrikcijas, siltuma, berzes un bides
pretestibu un citus materialus ar specialam tpasibam.

Izplatitakie materiali, ko ieglst pulvermetalurgija, un dazadi konstrukciju materiali ar
specialam fizikali — mehaniskajam un ekspluatacijas 1pasibam paraditi 1.1. tabula.

1.1. tabula
Pulvermaterialu klasifikacija [3], [16].
Materialu grupa Izstradajuma veids Materiala sastavs
1 2 3
. Pulveri no tira dzelzs,
Magnéti

sakauséjumiem, oksidiem utt.

Elektrotehniskie
Grafita kompozicijas ar varu

vai sudrabu

Pulveri no bronzas, dzelzs,
titana, nihroma,
korozijizturiga térauda utt. ar
porainibu lidz 50%

Elektriskas sukas

Filtri

Porainie

Materiali ar porainibu ITdz
“Svistosie” izstradajumi 30...40 % no korozijizturiga
térauda, nihroma u.c.

Kompozicijas uz vara vai
dzelzs pulvera bazes ar
porainibu lidz 10...35 %,
piestcinatas ar ellu
Frikciju un antifrikciju Kompozicijas uz dzelzs vai
vara pulvera bazes ar
Bremzu uzliktni dazadam legéjosam
piedevam un nemetala
komponentiem
Kompozicijas uz
ugunsizturigu metalu karbidu
bazes (volframs, titans,
tantals)

Kompozicijas uz dimanta,
Instrumentu Plates no parcietiem materialiem elbora, heksantta graudu
bazes

Slidgultni

Plates no cietiem sakausé&jumiem

Kompozicijas uz aluminija
Mineralkeramikas plates oksida bazes ar nebatisku
piemaisijumu daudzumu

Pulveri no dazadiem legétiem
un oglekla téraudiem,
Kompaktie konstrukciju Dazadas maSinu un ieriCu detalas | krasainajiem metaliem un to
sakauséjumiem ar porainibu
ne vairak par 1,0 ... 2,0%
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1.1. tab. turpinajums

1 2 3
Dazadu izstradajumu Kompozicijas uz karbidu,
karstumizturigas detalas boridu bazes
Termoizturigie Kompozicijas uz volframa,
Dazadu izstradajumu molibdéna, tantala, niobija, to
ugunsizturigas detalas karbidu un citu ugunsizturigu

metalu bazes

Kompozicijas uz dzelzs un

Specialie Vakuuma aparatiras detalas P ~ ~
’ ugunsizturigu metalu bazes
- Kompozicijas uz germanija, bora Pulveri no tira dzelzs,
Pusvaditaji = o .
u.c. bazes sakauséjumiem, oksidiem utt.

Pulvermetalurgijai izdodas iegiit augstu izejmaterialu tiribas pakapi, kas ir pats galvenais,
lai sasniegtu elektromagnétisko izstradajumu elektromagnétiskas un citas fiziskas ipasibas.
Elektrokontakta materialus izgatavo no ugunsizturigu metalu pulveru maisijuma ar varu un
sudrabu. Ugunsizturigie metali (volframs, molibdéns, volframa karbids) kalpo par pamatu un
nosaka mehaniskas 1pasibas, bet vieglkiistoSie metali ir pildviela un dod materialiem augstu
elektrisko vaditspgju.

Pulvermetalurgijas konkurétsp&ja salidzinajuma ar tradicionalajiem sagatavju iegiiSanas
panémieniem metala lieSanas veida arvien vairak izpauzas, pateicoties sekojosiem faktoriem:
iespeja iegiit materialu ar specialam fiziskajam un ekspluatacijas 1paSibam; ka izejmateriali
izmantojami pamatraZzoSanas atlikumi — atgriezumi, skaidas, plavas utt., ka arm materiala
ieguve no radas, apejot metalurgijas stadiju; praktiski izpaliek nepiecieSamiba talak
mehaniski apstradat iegiistamas sagataves, lidz ar to samazinas darbietilpiba un to
izgatavoSanas paSizmaksa un palielinas materiala izmantoSanas koeficients, tiek savienoti
nepiecieSama materiala un gatava izstradajuma ieguves procesi; augsts visu tehnologisko
operaciju mehanizacijas un automatizacijas limenis.

1.2. Pulveru veidi un to ipasibas

Pulvera razoSana — pirma pulvermetalurgijas metodes tehnologiska operacija. EsoSie
pulveru iegiiSanas pan€mieni sniedz iesp€ju izstradajumiem no pulvera dot prasitas fiziskas,
mehaniskas un citas 1pasibas.

Detalu izgatavoSana izmantojamajiem pulveriem jaatbilst specifiskam 1ipasibam un
prasibam, kas ietekmé to tehnologisko piemérotibu. Sis Tpasibas un prasibas ir:

- augsts uzberuma blivums (kermena paaugstinatas masas un blivuma nodrosinasanai);

- laba pliistamiba (presé€Sanas formas atras aizpildiSanas nodroSinasanai);

- augsts plastiskums (maksimala blivuma nodrosinasanai) [31].

Pulvermetalurgija ari pieprasa ugunsdroSibas prasibu stingru ieveéroSanu. Metaliska
pulvera tieksme paSuzliesmot — bistams razoSanas faktors, kas prasa precizu ugunsdrosibas
tehnikas ieveroSanu.
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Riipnieciba sarazo dazadus metala pulverus: dzelzs, vara, nikela, hroma, kobalta,
volframa, molibdéna, titdna u.c. Pulveru iegiiSanas pan€mienus nosaciti iedala mehaniskajos
un fizikali ktmiskajos [16].

Vispraktiskakais pielietojums ir izejvielu (skaidas, atgriezumi, lGzni utt.) mehaniskas
smalcinaSanas panémienam. SmalcinaSanu veic mehaniskajas dzirnavas. Malot iegiist
pulverus no stingri uzdota kimiska sastava leg€tiem sakaus€jumiem un no trausliem
materialiem (silicijs, berilijs utt.).

Riipnieciba apguvusi ari pulveru iegiiSanas tehnologiju, ptsot Skidru metalu ar gazes vai
Skidruma plasmu. Visvienkarsakais un ekonomiskakais ir panémiens, kad pus skidro metalu
ar tdens struklu zem noteikta spiediena.

Izmantojot mehaniskas metodes, sakotn&jais produkts tiek sasmalcinats, nemainot kimisko
sastavu. Ka mehaniskas smalcinaSanas trilkums jaatzimé augsta pulveru cena, jo taja ietilpst
sakotngjo metalu un sakaus€jumu izgatavoSanas izmaksas.

Ka fizikali — kimiskie pan€mieni minami tadi tehnologiskie procesi, kuros pulvera
iegiiSana saistita ar sakotng&jas izejvielas kTmiska sastava izmainam vai tas stavokla izmainam
kimiskas vai fiziskas iedarbibas rezultata uz sakuma produktu. Pulveru iegiiSanas fizikali —
kimiskie panémieni ir universalaki neka mehaniskie. lesp&ja izmantot 1&tas izejvielas (rtuda,
razoSanas atkritumi plavas veida, oksidi) padara daudzus fizikali — kimiskos pan€mienus
ekonomiskus. Ugunsdro$o metalu pulverus, ka arT sakaus€jumu un savienojumu uz to bazes
pulverus var iegit tikai ar fizikali — kimiskiem pan&€mieniem.

Metala pulveru iztur€Sanas pres€Sanas un sakepinaSanas laika ir atkariga no pulveru
ipasibam. Pulveru kimiskais sastavs tiek noteikts péc galvena metala vai komponenta un
piemaisijumu satura. Pulveru fiziskas ipaSibas tiek raksturotas ar dalinu izméru un formu,
mikrocietibu, blivumu, kristala rezga stavokli, bet tehnologiskas ipaSibas — ar pulvera
uzb&ruma blivumu, pliistamibu, saspiezamibu un sakepinasanu. Pulvera dalinu veidi, ka arT to
iegiiSanas panémiens paradits tabula 1.2.
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1.2. tabula

Metala pulvera dalinu veidi [20], [24].

Pulvera dalinu forma un iegt$anas

Shematiskais

Optiska mikroskopa attéls

veids attélojums
1 2
Skembu L//

(mehaniska smalcinasana)

Sferiska

(atomizacija, dalinu
nogulsnésanas)

Noapalota

(atomizacija, kKimiska
atjaunosana)

Nepareizas formas

(atomizacija, kimiska
atjaunosana)

Varpstveida,
nepareizas formas
(kimiska atjaunoSana,
mehaniska smalcina$ana)

Adataina

(mehaniska smalcinasana)
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1.2. tab. turpinajums

Adataina

(mehaniska smalcinasana)

Lenka

i
(mehaniska nolietoSanas) ’/»}

Dalinas ar iek§éjam poram
(porainas, Suinainas)

(okstdu atjaunosana)

Dendrita C:J\/
(elektrolize) /_// 7

Metala pulveru raksturojumi

Uzbeéruma blivums — brivi uzbérta pulvera apjoma vienibas masa. Uzbértas masas
stabilitate nodroSina pastavigu rukSanu sakepinaSanas laika. Ta galvenokart atkariga no
pulvera dalinu formas un izmériem [41]. Izcilpu un negludumu esamiba uz dalinu virsmas
paaugstina starpdalinu berzi, kas apgritina to kustibu attieciba citai pret citu un noved pie
pulvera uzb&ruma blivuma samazinaSanas. Bitiska nozime ir pulvera granulometriskajam
sastavam — palielinoties dispersaku dalinu saturam, noteikti samazinas pulvera uzb&ruma
blivums, jo palielinajusies berzes virsma.

Plastamiba — pulvera spé€ja piepildit formu. Pliistamiba pasliktinas, samazinoties pulvera
dalinu izmériem un paaugstinoties mitrumam. Pliistamibas novértejums ir pulvera daudzums,
kas 1 sekundg iztek caur atveri ar diametru 1,5...4 mm. Pulvera pliustamibai ir liela nozime,
1pasSi automatiskas preséSanas laika, kad preses razigums atkarigs no formas aizpildiSanas
atruma. Zema pliistamiba veicina ar1 blivuma zina nevienadu detalu sanemsanu [55].

Saspiezamibu raksturo pulvera sp€ja sablivéties ar&jas slodzes iedarbiba un dalinu
adhézijas stipriba p€c saspieSanas. Pulvera saspiezamiba ir atkariga no dalinu materiala
plastiskuma, to izmériem un formas, un ta paaugstinas, ievadot materiala sastava virsmaktivas
vielas [52].
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Ar sakepinasanu saprot dalinu adh€zijas izturibu pres€tu sagatavju termiskas apstrades
rezultata.

MaisTjuma pagatavosanas process var ietvert pulvera ieprieksgju atkvélinasanu, skiroSanu
péc dalinu izmériem un sajaukSanu. Pulvera iepriek$€ja atkv€linaSana veicina oksidu
atjaunoSanos un nonem uzkaldi, kas rodas izejmateriala mehaniskas smalcinasanas laika.
Atkvélinasanai parasti paklauj pulverus, kas iegiiti mehaniskas smalcinasanas, elektrolizes un
karbonilu sadaliSanas cela. Atkvélinasanu veic temperatiira, kas vienada ar 0,5-0,6 kuSanas
temperatiiras aizsargatmosfeéra vai atjaunojosaja atmosfera [16].

Pulverus ar dalinu izm&ru 50 mxm un vairak sadala pa grupam, izkliedgjot sietos, bet
sikakus pulverus — ar gaisa separaciju. Metala pulveros ievada dazadu uzdevumu
tehnologiskas piedevas: plastifikatorus (parafins, stearins, oleinskabe u.c.), kas atvieglo
saspieSanas procesu un augstas kvalitates sagatavju iegiisanu, ka ar1 kausgjamos materialus,
kas uzlabo sakepinaSanas procesu; dazadas gaistoSas vielas, lai iegttu detalas ar noteiktu
porainibu. Sagatavotos pulverus samaisa lodisu, bungu dzirnavas un citas sajaukSanas ierices.

Dalinu formai ir ietekme uz pulvera uzb&ruma blivumu, saspiezamibu un formgjamibu; ar
to saistita ari to virsmas energija, kas pieaug, palielinoties dalinu virsmai. Vislielako stipribu
saspiesanas laika dod dendrita formas dalinas, ko iegiist elektrolizes cela. Saja gadijuma kopa
ar sakeres spekiem darbojas arT mehaniskie iemesli, pieméram, dalinu iekiléSanas, izvirzijumu
savisanas u.c. [15]. Pulvera dalinu izmérs ir viens no faktoriem, kas nosaka ipatngjo spiedienu
saspieSanas laika, kads nepiecieSams, lai sasniegtu vajadzigo porainibu, ka arT rukumu
sakepinasanas laika un sakepinato izstradajumu mehaniskas 1pasibas.

1.3. Leg€joSo elementu ietekme uz detalu ipasibam

Misdienas ekonomiskie apstakli un konkurences pieaugums visas razoSanas jomas motiveé
mekl€t jaunus inovativus risinajumus, lai samazinatu raZoSanas izmaksas un paaugstinatu
razotas detalas kvalitati vai materiala TpaSibas.

Pulvera konstrukciju detalas uz legéta terauda bazes var tikt izgatavotas, saspiezot un
sakepinot leg€tos pulverus un granulas, samaisot dzelzs pulverus ar leg€joso elementu
pulveriem, ka arT piesticinot ar Skidriem metaliem porainas sakepinatas sagataves un difuzi
piesatinot augsta temperatiira.

Tira dzelzs pulvera ka izejmateriala izmantoSana pulvera detalu izgatavoSana ir
ierobezota, jo sakepinatas dzelzs stipribas ipasibas ir zemas [16]. Ka leg€joSos elementus
izmanto nikeli, varu, hromu, molibdénu u.c. Katra leggjosa elementa lomu nosaka tas
kvantitativa attieciba pret dzelzi un citiem leggjoSiem elementiem,, ka ari attieciba pret
oksidiem, kas vairuma gadijumu att€lo robezas starp dalinam.

Pirms eksperimentalo detalu izgatavoSanas un leggjoso elementu izvéles tika veikta
leggjoso elementu iectekmes uz materiala IpasSibam analize.
P&c attiecibas pret térauda esoso oglekli leg€josie elementi iedalas:
- karbidu veidojosajos;
- grafitu veidojosajos.
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Karbidu veidojosie elementi (titans, vanadijs, volframs, molibdéns, hroms, mangans) kopa
ar oglekli veido specialus karbidus, kas ir stipraki un par dzelzs karbidu (cementits). Titans
veido visnoturigakos un stiprakos karbidus; mangans ir visvajakais karbidus veidojoSais
elements, tacu ta karbids ir izturigaks par dzelzs karbidu. Jo specigaks un noturigaks karbids,
jo pie augstakas temperatiras tas izSkist austenita, piemé&ram, rudiSanas laika, un gratak
izdalas no martensita, atlaidinot riidito téraudu [65].

Grafitu veidojosie elementi (silicijs, aluminijs, vars, nikelis un kobalts) kopa ar oglekli
neveido karbidus un pazemina citu elementu karbidu noturibu, Ipasi dzelzs karbida, veicinot
ta sairSanu ferita un atkv€linasanas oglekli (grafits). Pats stiprakais grafitu veidojoSais
elements ir silicijs, bet pats vajakais — kobalts. Jo sp&cigakas elementa grafitu veidojosas
darbibas, jo mazak ta vajag karbidu noardiSanai, t.i., t€rauda grafitizacijai [69].

Svariga nozime ir leg€joSo elementu ietekmei uz poru sadziSanas kinétiku un citiem
kristala strukttiras defektiem, ka arT uz pulvera térauda sarausanos.

Lai palielinatu sarausanos un paaugstinatu pulvera izstradajumu mehaniskas 1pasibas,
lietderigi ievadit pulvera maisjjuma elementus, kas sakepinaSanas laika ar dzelzi veido
vieglkiistoSas eitektikas, Skidrus Skidumus utt., kas aktiviz€ sakepinaSanas procesu.
Vislabakie rezultati tiek sasniegti, leg€jot kompleksi ar oglekli, varu, nikeli, molibdénu un
citiem elementiem. Ta, piem&ram, vara pievienoSana kopa ar fosforu kompensé starpibu
ruk$ana, bet nikela pievienoSana pazemina sakepinasanas temperatiiru un laiku [61].

Konstatets [78], ka nikelis, ka arT virkne citu elementu - jo 1pasi var$ (Skidra stavokli) -
veicina robezu “uzsiikSanos” starp dalindm, metala kontakta veidoSanos starp dalinam,
savacosas starpdalinu parkristalizacijas parivirziSanos, kas, no vienas puses, paaugstina
sakepinato izstradajumu mehaniskas 1pasibas, no otras — pazemina austenita noturibu pret ta
graudu augSanu gan sakepinasanas procesa, gan arl izotermiskas izturéSanas laika sildot
rudiSanai. Tiesi pretéji, tadi elementi ka hroms, silicijs, mangans, kam ir griiti reducét oksidus
uz dalinu virsmas, nover§ dalinu sapliSanu un, lai veiktu starpdalinu parkristalizaciju, ir
jaizmanto sakepinaSanas lidzekli, kas ir izzuvuSi un labi attiriti no skabekla un mitruma.
Sakara ar to lietderiga ir pulvermaterialu legéSana vienlaikus ar karbidu veidojoSiem un
karbidu neveidojoSiem elementiem, ievadot tos pulvera maisijuma ka CuSi, CuMn, MnN!i tipa
ligattiru pulverus (granulas).

Pulvera ligatiru ievadiSana sakepinaSanas laika var nodroSinat noteikta laika posma
Skidras fazes esamibu, kas veicina rukSanas palielinaSanos, viendabigakas struktiiras iegiiSanu
un mehanisko 1pasibu paaugstinasanos. Uz gala rukSanu ietekmi atstaj parvertibas, kas notiek
dzes€Sanas laika [78].

Vara ievadiSana materiala uz dzelzs bazes palielina plistamibas gal&jo robezu un islaicigu
materiala pretestibu, bet nedaudz pazemina ta plastiskumu un viskozitati. Vara ievadiSana
pulvera térauda uzlabo apstradajamibu un paaugstina atmosféras korozijas pretestibu.

Sakepinot dzelzs - vara materialus virs vara kuSanas temperatiiras (1083 ° C), vars§ ir
Skidra stavokli, mijiedarbojas ar dzelzi un veido cietu aizstaj&jSkidumu, kura pamata ir y-
dzelzs, ar maksimalo vara koncentraciju skiduma lidz 8%. Leénas dzes€Sanas laika vars izdalas
gar dzelzs graudu robezam ar varu bagata ¢ faze; o-dzelzl vara saturs samazinas lidz 0,2—
0,35% [75].
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Nikela ievadiSana pulvermateriala uz dzelzs bazes paaugstina t€rauda stipribu un
plastiskumu, pie tam pulvera dzelzs leg€Sana tikai ar nikeli tiek izmantota reti, jo
nepiecieSama augsta temperatiira un ilgstosa izture sakepinasanas laika, lai iegtitu viendabigu
struktiru. 5 % nikela piedeva tirai dzelzij paaugstina materiala stipribu un cietibu, ta
plastiskumu atstajot praktiski bez izmainam. Sakara ar to, ka nikelis sakepinasanas laika
izraisa lielu rukSanu, nerikamu izstradajumu iegiisanai ar augstam mehaniskajam ipasSibam
pulvertérauds tiek legéts ar varu un nikeli. Vienlaicigi leggjot ar nikeli un varu (Ni - 4 % un
Cu - 2 %), paraugu ar 10 % porainibu stiepes stipriba sasniedz 400 — 420 MPa, pagarinajums
- 7 - 8 %, cietiba — 120 - 127 HB. Tadi pasi paraugi, legéti tikai ar 2 % varu, uzrada sekojosas
ipasibas pie 10 % porainibas: stiepes stipriba — 280 - 300 MPa, pagarinajums — 3 - 4 %,
ciettba - 100 HB. Vislabveligaka stipribas un plastiskuma kombinacija v@rojama
sakausgjumos, kas satur no 1 [idz 5 % katra no Siem elementiem [65], [74].

Pulvertérauda uz dzelzs bazes leg€Sana ar karbidu veidojoSu elementu molibdénu
ierobezota del zema ta difuzijas koeficienta a- un y-dzelzi, kas apgriitina viendabiga cieta
Skiduma iegtiSanu. Molibdéna ievadiSana dzelzl noved pie intensivas rukSanas un intensiva
graudainibas picauguma sakepinasanas laika. Pulvertérauda legésana ar molibdénu tiek veikta
tikai izgatavojot svarigas, stipri noslogotas detalas. Pulvermetalurgijas praksé vairak izplatita
kompleksa legésana ar molibdénu un nikeli. Molibdéns pulvertérauda tiek ievadits daudzuma
0,2-1,0% sagatavojot pulveru maistjumu vai pulveru sastava, ko sanem smidzinasanas veida,
vai ligatiiru veida [75].

Izplatits un 1&ts karbidu veidojoss elements ir hroms, kas spg€jigs veidot divkarSus un
sarezgitus karbidus. Hroms veicina stipribas un nodilumizturibas palielinasanos, labu pulvera
terauda sacietéSanu. Sakepinata hroma terauda ir plasa struktiiru gamma, no ferita lidz sorbita
ar sarezgitiem karbidiem. Tas skaidrojams ar augstu oksidu noturibu, kuru disociacijas
temperatiira gandriz sasniedz tira hroma kuSanas temperatiiru. Oksidu esamiba apgriitina
reducéSanas vide (idenradis, disoci€tais amonjaks).

No nemetala leg€josajiem elementiem praktisku pielietojumu pulvermetalurgija atradis
fosfors. Viskozitates del fosfora saturs térauda pulverT ir ierobezots lidz 0,3 - 0,6%. Sakara ar
cietu Skidumu veidoSanos ar dzelzi, fosfors stabiliz€ Fea. T€raudus, kas satur vairak par 0,55
% fosfora, var sakepinat bez fazu parvertibam. Paaugstinats paSdifuizijas atrums o-faze
veicina materiala migraciju sakepinaSanas laika un pielauj sakepinasanu pie pazeminatas
temperatiras (1000 °C). Pie 0,3 % fosfora t€rauds nostiprinas analogiski ka ievadot 2% vara,
ar rukSanu vairak ka 1%. Fosfora esamiba sistémas Fe — Cu — P un Fe — Ni — P veicina skidras
fazes formeSanos temperattira 920 °C, kas paatrina sakepinasanas procesu [83].

Mangans pieder pie parejas metaliem, kas paplasina y-Fe esamibas apgabalu, palielinot
ferita cietibu, paaugstina pardzes€ta austenita noturibu un samazina martensita parvertibu
temperatiiru. Mangans pieder pie elementiem ar augstu sacietéSanas efektu t€raudam,
nepietickami plasi tiek izmantots pulvertérauda, jo ir jaizmanto reducgjosa atmosféra ar
augstu zaveSanas pakapi. Ta pie temperatiiras 800 °C nepiecieSams izmantot rasas punkta
atmosferas - 77 °C, pie temperatiiras 1100 °C — 54 °C [74].
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Titans ka dzelzi leggjosais elements netiek izmantots. To izmanto ka elementu, kas
ietekmé citu leg€joso elementu. Ta kompozicija Fe — Ni — Co — Mo titans veido ar nikeli
metalu nostiprinosas cietas fazes [71].

Grafita pievienoSana smalkiem pulveriem tikai nedaudz samazina izstradajumu
mehaniskas 1paSibas, bet pulveru saspiezamiba stipri uzlabojas, izstradajumi iegist
vienmérigu blivumu un mazak deform€jas sakepinaSanas laika. Grafita ievadiSana lielos
pulveros ievérojami samazina mehanisko izturibu. Ja nepiecieSams pievienot grafitu gultniem,
kas izgatavoti no lieliem pulveriem, to ievada jau sakepinatu izstradajumu poras koloidala
grafita forma ar smérvielu. Gultnos uz ¢uguna pamata grafitu papildus neievada, jo to jau
satur cuguns.

Grafita klatbtitne Sihtd lauj sasniegt vienmerigaku izstradajumu blivumu, pateicoties
labakai pulvera plustamibai un sabliv§jamibai (1.2. att.). Grafits nover§ sauso berzi, veicina
vibraciju absorbciju [69].
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1.2. att. Blivums pres€Sanas zonas, / attaluma no augs€ja puansona.
1 - vars§ pie vienpusgjas presésanas;
2 - vars ar 4% grafita pie vienpusg€jas presésanas;
3 - vars$ pie divpusgjas presésanas bez grafita piedevas.

Grafita kristalisko rezgi veido paraléli divdimensiju slani, kas izvietoti 0,34 nm attaluma
cits no cita. Katrs no Siem slaniem veidots no oglekla atomiem, kas izvietoti pareizu seSstiiru
virsotn€s (seSstira kristala rezgis). Attalums starp diviem blakus esoSiem atomiem butiski
mazaks par 0,14 nm. Attiecigi energija starp saites atomiem katra slani ir 427 kJ / (g-atoms),
bet saistosa energija starp atomiem, kas atrodas dazados slanos, ir par pakapi zemaka [62].

Grafita elloSanas darbibas efektivitati liela méra nosaka tvaika un gazes molekulu
piepildiSana, ko adsorbé slidéSanas plaknes, nodroSinot ievérojamu bides speku
samazinasanos visa sadalas laukuma. Saja gadfjuma grafita dalinu sakere ar metala virsmu, uz
kuras §1s dalinas ir novietotas, ir ievérojami augstaka neka sakere starp slidéSanas plakném, uz
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kuram adsorbgjas tvaika un gazes molekulas. Ta rezultata grafits atmosferas apstaklos (un
Ipasi mitra gaisa) nodrosina augstas antifrikcijas un pretnodiluma 1pasibas.

Metalpulvera materiala mehaniskas ipasibas liela meéra ir atkarigas no materiala
mikrostruktiras, kas savukart ir atkariga no pulveru maisjjuma kimiska sastava, it Ipasi no
leg€joso elementu satura [41], 1.3. att€la. paradits, kada méra leg€joso elementu saturs
ietekme dzelzs cietibu.
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1.3. att. Leggjoso elementu ietekme uz dzelzs cietibu, HB.

Pulvera dzelzs legésana tikai ar nikeli notiek reti, turklat butiska ipasibu paaugstinasanas
novérojama vienigi augsta sakepinasanas temperatiira, kas savukart izraisa apjomigaku
energoresursu patérinu sakepinaSanas procesa. Nikela satura palielinaSana térauda pazemina
optimalo oglekla saturu, pazemina t€rauda cietibu (1.3. att). Lai ieglitu izstradajumus ar
augstam mehaniskajam ipasibam, paral€li nikelim pulvera teéraudu legé ar varu un citiem
leggjosiem elementiem. Visefektivaka ietekme uz mehaniskajam ipasibam paradas, kopa
ievadot molibdénu ar nikeli un citiem elementiem.

1.4. Metalpulveru detalu izmantoSanas novertejums ritosa sastava
mezglos

Metalpulvera detalam, kas tiek izmantotas dzelzcela transporta, parasti ir ievérojami
lielaka masa un izmérs salidzinot ar detalam, kas tiek izmantotas citas nozarés. Tas var iedalit
dazadas grupas: konstrukciju, antifrikcijas, frikcijas un elektrotehniskas.

Konstrukciju detalas parasti izgatavo no materialiem uz dzelzs pamata ar grafita, vara,
nikela un molibdéna piedevam, ar blivumu 6-7 g/cm® un cietibu 55-130 HB. Virsmas
raupjums Ra 2.5. Pie tadam detalam var attiecinat tidens un ellas siiknu zobratus, slidbukses
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(1.4. att.). Citu konstrukcijas detalu grupu sastada detalas uz vara pamata ar dzelzs
pievienosanu. Tas blivums ir virs 7,9 — 8,7 g/cm® un cietiba neparsniedz 45 HB un virsmas
raupjums Ra 3.2., [36].

1.4. att. BremZu sviru parvada slidbukses [36].

No antifrikcijas detalam dzelzcela transporta visplasak izmanto slidbukses. Tam ir virkne
priekSrocibu: ekspluatacijas ekonomiskums, jo $ada tipa slidbukSu izmantoSana lauj
samazinat ellas patérinu; razo$anas izdevumu samazinaSanas un materiala ekonomija, jo ir
iesp&ja dargas bronzas un babita vieta izmantot dzelzs - vara pulvera materialu; augsta
nodilumizturiba, ko nodro§ina pasellosanas efekts.

Antifrikcijas TpaSibas tiek paaugstinatas ar grafita piedevam, kam ir augstas smérvielu
IpaSibas. Slidgultniem ar paaugstinatu grafita saturu praktiski nav nepiecieSams ellas
pielietojums.

Plasako grupu sastada vagonu un lokomotivju frikcijas detalas (1.5. att.). Tas izgatavo
disku, sektoru un klucu veida uz dzelzs un vara pamata, un tas paredzetas darbam bremzu
mezglos, frikcijas sajiigos un citas iekartas, kas strada sausas un $kidras berzes apstaklos.

1.5. att. Frikcijas detalas uz vara un dzelzs bazes [36].

Sadu detalu presé$ana notiek uz hidrauliskam presém ar paaugstinatu spiedienu no 5 000
lidz 20 000 kN. SakepinaSana notiek elektriskaja stavcepli tdenraza atmosféra pie
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temperattiras 1050° C. [19]. Pulvera frikcijas materialiem (PFM) raksturigas tadas 1pasibas ka
augsta efektivitate un droSums ekspluatacija, stradajot pie lielam slodzém un praktiski
jebkados laika apstaklos. Salidzinosi augstaks berzes Itmenis ir efektivs un stabils.

PFM ir 3 reizes lielaks kalpoSanas termin$ un nodiluma pakape ir 1/3 lidz 1/10, salidzinot
ar citiem frikcijas materialiem. Salidzino$i reti izveidojas plaisas un apdegumi. Pateicoties
PMF augstajai termoizturibai, tos var izmantot pie temperatiiras 1idz 800-1000° C.

PFM detalu razoSana 1pasi atri attisttjas Kina. Kopgjais atruma palielinasanas apjoms
dzelzcela linijas nosaka stingras prasibas frikcijas materialu izmantoSanai lielatruma
vilcieniem. PMF tiek izgatavoti ar pulvermetalurgijas metodém ka kompozitmaterials no
metala un nemetala komponentiem ar augstu berzes koeficientu [86].

Japanas dzelzcelos plasi izmanto dazadas pulvermaterialu antifrikcijas detalas
elektriskajos kontakttiklos: slidni un pantografu komponenti (1.6. att.).

1.6. att. Pantografu kontaktdalas no metalpulvera materialiem [36].

Izskatot pamattendences, kas attiecas uz metalpulvera detalu razoSanu dzelzcela
transportam, jaatzime sekojosais:

Blivuma (blivam detalam) un porainibas (porainam detalam) paaugstinaSana;

Antifrikcijas Tpasibu paaugstinasana antifrikcijas detalam;

Ekspluatacijas temperatiiras diapazona paplasinasana;

Detalu ar sarezgitu geometriju izgatavos$anas nodro$inasana.

Tatad var secinat, ka visizplatitakas PM detalas, ko izmanto dzelzcela ritosaja sastava, ir
bremzu kluci un antifrikcijas slidbukses.

Metalpulveru bukses tiek lietotas vagonu bremzu sviru sist€émas Sarnira mezglos. Kravas
vagonos uzstada bremzu sistémas, ko izvieto uz vagona ratiniem un ramja. Sim izkartojumam
ir gan savas prieksrocibas, gan tritkumi.

PriekSrocibas — visi bremzes pneimatiskas dalas elementi sava starpa savienoti ar dro§am
metala caurulém un nostiprinati pie vagona ramja.

Trikumi — mehaniskas dalas lielais apjoms, liels daudzums kustigu elementu, no kuriem
katrs var biit janomaina vai jaremont€, samazinats kop€jais parvada lietderibas koeficients,
palielinoties antifrikcijas mezglu nolietojumam.
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Vagona bremzZu sviru parvada uzbiive

No ritosa sastava bremzu sist€mas darba efektivitates atkariga rito$a sastava kustibas
drosiba. Bremzu darba droSumu nodroSina pneimatiska un mehaniska bremzu dala. Vagona
bremzu pneimatiska dala nodroSina savlaicigu sp€ka radiSanu bremzu cilindra stient
bremzesanas procesd. Bremzu mehaniska dala nodros$ina bremzu klucu piespieSanu pie
ritenparu velSanas virsmas un to atlaiSanu.

Ka izpetama konstrukcija, kura izmantotas antifrikcijas metalpulvera bukses, tika apskatits
pusvagona bremzu sviru parvads (BSP), modelis 72-7132-03, konkrétais modelis tiek
izmantots Latvijas dzelzcela [87].

Daudzos gadijumos konstrukcijas iemeslu dé] nav iesp&jams nodro$inat tieSu bremzu
cilindra stiena nospieSanu uz frikcijas elementiem. Tadgjadi nepiecieSamibu ieviest bremzu
sviru parvadu dikte funkcionalas un konstruktivas bremzu sisteémas patnibas.

BSP kalpo speka padevei no bremzu cilindra (BC) stiena uz bremzu klu¢iem ar noteiktu
ieguvumu speka un vienmerigu $1 spéka sadalijumu pa ritenpariem (1.7. att.).

1.7. att. Vienpusgjas darbibas BSP — skats uz vagona ratiniem.

BSP raksturo parnesumskaitlis, ko nosaka visu bremzu klucu kopgja spiediena sp&ka un
gaisa spiediena attieciba BC. Parnesumskaitlis raksturo, cik reizes bremzu klucu spiediena
speks lielaks par gaisa spiediena speku BC. Piemé&ram, Cetrasu pusvagonam ar kompozicijas
bremzu klu¢iem parnesumskaitlis n = 5,7; pasazieru vagonam n = 5,3. Sviru un vilces
parvietoSanas process kravas vai pasazieru vagona BSP notiek aptuveni 0,5 sek. laika, kamér
bremzu cilindra neizveidosies 1€ciena spiediens aptuveni 0,04 MPa, kas nepiecieSams atsperu
speka parvarésanai, kas parvada sastava, un bremzu klucu parvieto$anai un to piespieSanai pie
ritenu frikciju virsmas [66].

Bremzu sviru parvada Sarnira savienojumi remonta vienkarSoSanai un kalpoSanas laika
pagarinasanai tiek aprikoti ar nodilumizturigam buksém, kas izgatavotas ar PM metodi [77].
Dzelzcela ritosa sastava bremzu sviru parvada antifrikcijas pulvera virzosas bukses (bukses
metalkeramiskas) OCT 24.151.07-90 26.213 (CII 26.212) pasaZieru un kravas dzelzcela
vagoniem, tiek izmantotas rito$a sastava vagonu bremzu sviru parvada. Minétas bukses tiek
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izgatavotas ar pulvermetalurgijas metodi uz metala pulvera bazes, un tam jaatbilst sekojosam
prasibam:
- Porainiba -15...20 %;
- Ellas absorbcija - ne mazak ka 1,8%;
- Spiedes stipriba - ne mazak ka 180MPa;
- Cietiba — ne mazak ka 70 HB.
Antifrikcijas materiala lietoSana mezgla veltnitis — bukse lauj [84]:

- paaugstinat bremzu sviru parvada Sarnira mezglu buksu ekspluatacijas terminu;
- samazinat pretkermena (veltnisa) nolietojumu,

- saglabat pastavigu bremzu klucu spiedes spe&ku ekspluatacijas procesa;

- saglabat materialos terinus apkalpoSanai.

Cetrasu kravas vagona bremzZu sviru parvada ietaise paradita 1.8. att. [87].

1.8. att. Kravas vagona bremzu sviru parvads [87].

Bremzu sviru parvada darbibas princips

Bremzu cilindra virzula kats (6) un sastinguma punkta kronSteins (7) ar veltniSiem
savienoti ar horizontalam sviram (10 un 4), kas vidusdala sava starpa saistiti ar savilktni (5).
Savilktne (5) tiek uzstadita atvere (8), ja kompoziciju bremzu kluci, bet ja cuguna bremzu
kluci, tad atvere (9). No pret€jiem galiem sviras (4 un 10) ar veltniSiem sasaistiti ar vilci (11)
un autoregulatoru (3). Apaksgjie vertikalo sviru gali (1 un 14) sasaistiti sava starpa ar spraisli
(15), augsgjie sviru gali (1) savienoti ar vilcém (2), augs€jie mal&jo vertikalo sviru gali (14)
piestiprinati ratinu ramjiem ar saistenu (13) un kronsteinu palidzibu. Trissturvarpstas (17), uz
kuram uzstaditas kurpes (12) ar bremzu klu¢iem, ar veltniSiem (18) savienoti ar vertikalam
sviram (1 un 14). Lai izsargatos no trisstiirvarpstu un spraiSlu nokriSanas uz cela to
atvienoSanas vai parravuma gadijuma, ir paredzeti droSibas stireni (19) un skavas. BremzZu
kurpes un trisstirvarpstas (17) piekarinatas pie ratinu ramja uz pakarém (16). Regulatora
vilces stienis (3) savienots ar kreisas horizontalas sviras (4) apaks€jo galu, regul€josa skruve —
ar vilci (2). BremzéSanas laika regulatora korpuss (3) atbalstas pret sviru, kas savienota ar
horizontalo sviru (4) ar savilktni. Antifrikcijas metalkeramiskas bukses izmanto vertikalo
sviru Sarnira savienojumos, (1.8. att. 1 un 14). Bukses tiek uzstaditas vertikalajas sviras un
vertikalo sviru savilktn€ (1.9.att.).
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1.9. att. Kravas vagona bremzu sviru parvada vertikala svira (ar bultam atzimétas
slidbukses uzstadisanas vietas).

Bremzesanas procesi

Bremzgjot ar klucu bremzém, bremzu klucis piespiezas pie ritena ar speku K, rotjosa
ritena un bremZu klu¢u mehaniskas un molekularas mijiedarbibas rezultata paradas berzes
speks Bb, kas palénina ritena kustibu 1.10. att.
q

/ \

= =0

1.10. att. Speki kas darbojas uz riteni bremzgjot ar klu¢u bremzeém
K- kluca spiedspeks uz riteni; Bb — pieskares berzes speks; Bs - sliedes reakcijas speks; O — ritena un sliedes
kontaktpunkts; ¢ — slodze no ritenpara un sliedi.

Berzes spéka lielumu nosaka péc sakaribas (1.1.).
Kur K - kluca spiedspéks uz riteni, tf;
¢i - berzes koeficients starp kluci un riteni.
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Ritena un sliedes kontaktpunkta O, speks B, mégina novirzit sliedi kustibas virziena.
Sliedes reakcijas speks B; kontaktpunkta O péc lieluma ir lidzigs speékam B, un versts preti
ritena griesanas virzienam. Tas ar&jais sliedes reakcijas speks By, sisttma “ritenis-sliede”, ir
ar1 bremzeSanas speks kas palénina vilciena kustibu. BremzgSanas speka lielumu nosaka péc
formulas 1.2.

B;=1v,q (1.2.)

Kur y— ritena un sliedes sakeres koeficients;
q — ass slodze, t.

Bremzg&sanas speks By nedrikst parsniegt speku Bj jo pretgja gadijuma ritenis negriezisies,
ritena un sliedes kontaktpunkta saksies slidéSana. Tatad normalam bremz&Sanas procesam
jaizpilda nosactjumu (1.3.).

Kor < Yrq (1.3.)

Rezumgjot, bremzeSanas speks ir atkarigs no ritenpara slodzes un sakeres koeficienta, kas
savukart ir atkarigs no realiz€jama bremze€Sanas speka, kas ir atkarigs no bremzu kluca
piespiesSanas spéka un berzes koeficienta.

Lielaks bremzu klucu berzes koeficients nodrosina lielako sakeres speku starp riteni un
bremZu kluci, tadejadi, pie lidziga piespieSanas speéka bremzu klu¢iem no atskirigiem
materialiem un atSkirigu berzes koeficientu bremzu efekts biis lielaks bremzu kluc¢iem ar
lielako berzes koeficientu. Tada veida izmantojot bremzu klucus ar lielako berzes koeficientu,
nodilums Sarnira mezglos biis mazaks dél mazaka piespieSanas speka visa bremzu sviru
sisteéma, ieskaitot savienojumus bukse-veltnis, jo nepiecieSama bremzu efekta sasniegSanai
bis nepiecieSams mazaks laiks un mazaks spiediens bremzu cilindra.

Metalpulveru buksu ipasiba — tada, ka smérvielas esamiba materiala poras veicina bremzu
sistémas raZzigumu, del berzes zudumu samazinasanas bremZu sviru sist€émas Sarnira mezglos
bremzeSanas reZima, un tas ir 1pasi svarigi pielietojot atrgaitas (pe€kSno) bremzesanu.

Izp&tot misdienu tendences metalpulvera materialu izmantoSana ritoSa sastava detalas,
autors nonacis pie secindjuma, ka metalpulvera materialu 1pasibu un iesp&ju daudzveidiba lauj
tos izmantot dazados ritosa sastava mezglos. Dzelzcela transporta visplasak pulvermetalurgija
tiek izmantota antifrikcijas slidgultnu, bukSu, slidgu un kontaktplaksnu, ka art frikciju klucu
izgatavosana.

Latvijas dzelzcela visbiezak tiek lietotas metalpulvera antifrikcijas bukses, ko uzstada
kravas vagona bremzu sviru sist€émas vertikalajas sviras.

Galvenie uzdevumi, kas rodas péc lieto antifrikcijas materialu nomainas ar pulvera, ir
sekojosi: tradicionalo gultpu sakaus€jumu, kas satur deficitus metalus (alva, antimons, svins
un citi), nomaina ar 1etakiem un vieglak pieejamiem, vienlaicigi apmierinot nepiecieSamas
prasibas. Augstas dilumizturibas iegiiSana pie maza berzes koeficienta, paselloSanas, atras
piestrades nodroSinaSana darba, ka arT kalpoSanas laika pagarinaSana dazados temperatiiras
reZimos, pie dazadiem slid€Sanas atrumiem un spiedieniem.
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1.5. Metalpulveru detalu izgatavoSanas procesi

1.5.1. Metalpulveru detalu preséSanas procesu analize

Presesanas mérkis ir sagataves veidoSana no pulvera Sihtas ar noteiktu formu, izméru un
stipribu. Pres€Sanas procesa palielinas kontakts starp pulvera dalinam, porainiba samazinas,
atseviskas dalinas tiek deformétas vai sabrik.

Veidotas sagataves stipriba tiek nodrosinata ar pulvera dalinu mehaniskas sakabinasanas
(koh&zijas), elektrostatisko berzes un pievilkSanas spéku palidzibu. Pieaugot pres€Sanas
spiedienam, palielinas relativais blivums, ka rezultata art sagataves cietiba un izturiba (1.11.
att.).
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Presé8anas spiediens, MPa

1.11. att. Metalpulveru pres€Sanas spiediena un relativa blivuma sakariba [48]:

1 — Al, 2 — elektrolitiskais Cu, 3 — porainais Fe, 4 — elektrolitiskais Fe, 5 — karbonils Fe, 6 — H2- reducéts W

Blivumu palielinot (ar porainibas samazinasanu) par 1%, preséSanas spiediens parasti
pieaug par 3-4%.Vienpus€ja preséSana ir izplatitaka PM pres€Sanas metode. Pulveris, kas
samaisits ar smérvielam un grafitu, piepilda matrices dobumu un tiek presé€ts ar puansona ass
parvietoSanu, preséSanas spiediens parasti ir 400-1200 MPa. Dazkart augsta presé€Sanas
spiediena notiek ar1 dalinu auksta sametinasana, tas nodroSina pietieckamu stipribu talakai
apstradei [99].

P&c konstrukcijas preséSanas preses dalas mehaniskajas un hidrauliskajas, ar daudzlimenu
puansona kustibam. VienkarSaka presformas konstrukcija (1.12. att.) sastav no matrices,
augs€ja un apaks€ja puansona, starp kuriem ieber pres€jamo pulveri. PreséSanas speks tiek
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pielikts pie aug$gja puansona, ja vienpus€ja pres€Sana, vai pie abiem puansoniem, ja
divpusgja.

1.12. att. Pres€Sanas shéma.
a — vienpusgja; b — divpusgja
[ — pres@Sanas process; I — sagataves izpreséSana;
1 — augsg€jais puansons; 2 — apaks$gjais puansons; 3 — presforma; 4 — pulveris; 5 —
balstenis.

Pulvera kermena apjoma izmainas presésanas laika notiek sablivéSanas procesu rezultata.
Sagataves blivums ir atkarigs no presé€Sanas spiediena, kura ietekmi nosaciti var sadalit tris
posmos (1.13. att.). Pulvera, kas iebérts presforma, blivums lidz preséSanas procesa
uzsaks$anai atbilst pulvera uzb&ruma blivumam (yuz.).

Blivums /

I II III
Yuzb.

Presésanas spiediens

1.13. att. Sagataves blivuma atkariba no presé€Sanas spiediena teorétiska shéma [68].

38



Pirmaja posma pat vismazakais spiediena pieaugums izraisa ievérojamu sagataves
blivuma palielinasanos, pateicoties tukSumu samazinasanai un blivakai dalinu izvietoSanai.
Kopuma pirmajam posmam raksturiga "briva" dalinu kustiba.

Otraja posma blivi izvietotas dalinas rada noteiktu pretestibu saspieSanai. Palielinoties
spiedienam, notiek dalinu virsmas izlidzinasana, dalinu savstarpgjas berzes rezultata oksidu
pléves noplésana, kontaktvirsmas picaugums. Paradas starpatomiskas mijiedarbibas spé&ki, ka
rezultata pulvera kermena pretestiba pret argjo spiedienu palielinas, bet kompakta blivuma
paaugstinasanas paléninas.

TreSaja posma pres€Sanas spiediens parsniedz dalinu elastigas deformacijas pretestibu.
Sakas dalinu plastiskas deformacijas process, kompakta apjoms samazinas.

Pulvera presésana sakas ar dalinu pargrup&Sanos pie neliela spiediena (mazaks par 0,03
MPa). Plastiskas dalinas deformgjas pie spiediena aptuveni 100 MPa un jau ievérojami maina
savu formu. Cietakas, bet plastiskas dalinas tiek pres€tas pie loti augsta spiediena (1000
MPa). Tads spiediens nepiecieSams legétiem pulveriem ar augstu stipribu un cietibu [68].

1.13. attela paraditais grafiks atspogulo procesus teoretiski. Patiesiba uzraditas
sablivésanas stadijas parklajas, parasti atsevisko dalinu deformacija sakas jau pie zemas
slodzes. Parkartosanas procesi pulveru presé€Sanas laika paraditi 1.14. atte€la [41], [91]. Liela
méra to veicina pulveru kermenu pres€Sanas otra iezime, kam raksturigs nevienmerigs
blivuma sadalijuma Skersgriezuma.

O~
WLy Y

Granulu deformacija Granulu sagrauSana

Primara parkartosana
Sekundara parkartosana

. Moslogota dalina
© lesaistita dalina
O Fikséta dalina

1.14. att. Dalinu parkartoSanas procesi presé€Sanas laika.

Cietas granulas gruti deformét, un tas izraisa blivuma pazeminaSanas uzdotaja blivuma
spiediena. Tomer, ja granulas ir parlieku mikstas, tas spiediena rezultata viegli deformeésies,
tacu neparkartosies vajadzigaja pakapeé pie zema spiediena. Dazi sablivéjuma defekti, kas
deformacijas stadija nav pilniba aizpilditi, paliek, un vienpusgja pres€Sana veidosies lieli
blivuma gradienti [17]. Ideala varianta granulas tiek paklautas pargrup€Sanai, ka ari
deformacijai blivésanas laika [44].

39



Pres@sanas laika pulvera kermenis tiek vispusigi saspiests. No augsSas piespiez puansons,
no apakSas un saniem iedarbojas presformas reakcija. Rezultata spiediens uz presformas
sienindm ir ievérojami mazaks neka preséSanas virziena. Tas izskaidrojams ar dalinu
parvietoSanas sarezgitibu savstarp&jas berzes un iekilésanas dgl.

Sanu spiediens ir 25-40% no pres€Sanas spiediena, un to var noteikt ar vienadojumu (1.4.)
[70]:

P =¢p, (1.4.)

kur Pr — 1patngjais sanu spiediens, kg/cm2; p — ipatnéjais preséSanas spiediens, kg/cm?2; &—
sanu spiediena koeficients.

Sanu spiediena koeficients ir atkarigs no pulvera fiziskajiem raksturojumiem: plastiskuma,
dispersitates un dalinu formas. Sanu spiediens tieck merits pec pres€jamas sagataves augstuma,
un tas pazeminas aksiala spiediena samazinasanas del.

Apskatot pres€Sanas procesu, nepiecieSams arl nemt veéra, kadu ietekmi uz sagataves
blivumu atstaj pulvera berze pret presformas sieninam. Lai noteiktu pres€Sanas berzes
spiediena zudumu pret presformas sieninam, izmanto vienadojumu, kas nem v&ra sanu
spiediena un kopgja vertikala spiediena attiecibu.

Kopgjo spiedienu uz pulvera sagatavi P, kas atrodas cilindriska presforma, ar relativo
blivumu 60, zinamo aukstumu /4 un relativo presé€Sanas spiedienu p var noteikt ar 1.5.
vienadojumu:

ntD?
4

p =

2 (1.5)

Sanu virsmas spiediens uz lcm? irP' = &p, , un sanu virsmas laukums ir 7zDhA, tad
summarais spiediens uz to sastadis:

P" =¢nDhp = &nDh,p, (1.6.)
kur h,— sagataves reducetais augstums, mm.

Tatad summarais sanu spiediens ir atkarigs tikai no vertikala ipatn&ja spiediena lieluma,

savukart visi pargjie lielumi ir konstanti esoSam pulvera svaram. Spiediena zudums uz pulvera
berzi pret presformas sieninam tiek noteikts péc vienadojuma [70], [58]:

AP = P, (1.7)
kur f — pulvera berzes koeficients pret presformas sieninam, vai izmantojot vienadojumu

1.8.:
AP = f&nDh,p, (1.8.)

Spiediena dala, kas tiek téréta berzei pret presformas sieninam, tiek noteikta ar 1.9.
vienadojumu:
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AP AP fénDh,p 4h
?zn—DZ = nD2 = =f€TT5 (1‘9')

4 4

Tada veida mainigie ir tikai sagataves izméri. Spiediena zudumu dala uz berzi ir tieSi
proporcionala noraditajam briketes augstumam un apgriezti proporcionala ta diametram.

EsoSajam pulvera uzbérumam un presformas izmériem vertikala spiediena uz berzi
ziidama dala ir pastavigs lielums, un tas ir proporcionals pieliktajam spiedienam. Spiediena
zudumi berzes speku parvaréSanai starp pulvera dalinam un presformas sienindm (ar&jais
spiediens) var sasniegt 60...90 % no saspieSanas speka [70].

Saspiesanas speka zudumi ar€jas berzes parvaréSanai ir atkarigi no berzes koeficienta
starp sagataves un presformas materialiem, pres€jamas sagataves augstuma, presformas
diametra un smérvielas pielietoSanas.

Argjas berzes koeficients biitiski samazinajas, palielinoties preséSanas spiedienam. Argjas
berzes esamiba, ar kuru saistits sagataves blivuma vienmérigums, nosaka nepiecieSamibu
ierobezot pres€jamas sagataves augstuma.

PreséSanas stadija svariga arl berze starp pulvera dalinam (iekS€jais spiediens), kas
samazina pres€jamas sagataves saspieSanas spéku aksiala virziena. Ieks€jas berzes dél nav
iesp&jams pulvera tec€jums taisna lenki pret pres€Sanas virzienu, jo dél ta notiek blivuma
samazinaSanas attiecigas sagataves zonas.

Sapreséta izstradajuma izméru palielinasanos iek$€jo spriegumu darbibas rezultata sauc
par elastigo pécdarbibu. Ta ka izstradajuma izm@ru palielinaSanas ir novérojama gan péc
pres€Sanas spiediena nonemsanas, gan péc sagataves izpresé€Sanas, to uzskata par paradibu
kompleksu. Biezi elastiga pecdarbiba ir saistita ar plaisu un noslanoSanas defektu paradiSanos
sagataves, 11dz ar to ir svarigi zinat un noteikt faktorus, kuri ietekme So paradibu.

Elastiga peécdarbiba ir atkariga no presgjama pulvera raksturojumiem (dispersitate, forma,
dalinu virsmas stavoklis, oksidu saturs, materiala dalinu cietiba), preséSanas spiediena,
smeérvielas satura, matrices un presformas elastibas 1pasibam. Faktori, kas palielina sagataves
izturibu (dalinu liela Ipatnga virsma, mazs uzb&ruma blivums, piemaisijumu minimalais
saturs, smérvielas esamiba), samazina, bet pretgjie (pieméram, pulvera dalinu augsta cietiba)
palielina elastigo pecdarbibu. Sagataves linearo izme@ru relativas izmainas elastigas
pecdarbibas rezultata var noteikt ar vienadojumu (1.10.) [7], [58]:

5, = f—’100 = “%’0100(%), (1.10.)
0 0

kur §; elastigas pecdarbibas lielums; Al - sagataves absoliitais paplasinajums p&c garuma vai
diametra; [,- sagataves garums (diametrs), kas atrodas presforma zem pres€Sanas spiediena;
l;- sagataves garums (diametrs), kas iznemts no presformas.

Analogiski iesp&jams noteikt elastigas pecdarbibas lielumu:

8y = 57100 = 222100(%), (1.11)
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Elastigas pécdarbibas efekts ir lielaks sagataves augstuma (5-6%) neka tas
Skersgriezuma (3%), un tas ir saistits ar lielaku saspieSanas speku ass virziena salidzinajuma
ar sanu spiedienu [21]. Vienpusgja pres€Sanas laika sagataves blivums samazinas
preséSanas virziena (1.15. att.).

Pmax

Pmin

Bitvums gicm?
1.15. att. Sagataves blivuma izvietojums augstuma vienpusg€ja presésana

Divpusgjo presésanu (1.15. att.) izmanto, ja izgatavojamas detalas izméri atbilst 1.12. vai
1.13. formulas prasibam.

1<§<5, (1.12.)

3<2<17, (1.13.)

kur h — izstradajuma augstums;
d — diametrs
s — sienas biezums.
Pie divpusgjas preséSanas, kas nodroSina vienmérigaku materiala blivuma sadalijumu,
pielieto divus puansonus, kas preséSanas laika virzas viens otram preti, un materiala blivuma
samazinasana ir novérojama centralaja sagataves dala (1.16. att.).

¢P
NN .
NEAN

; / ) Blvums, glcm?

te

1.16. att. Sagataves blivuma izvietojums pie divpusg€jas presésanas.
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Ieksgjo atvérumu formeSanai pielieto presformas, kas péc konstrukcijas ir lidzigas 1.15.
un 1.16. attela redzamajam, papildinot tas ar stieniem. Tapat presformas izmanto dazadas
paligdetalas (ierobezotajus) sagataves izmeru precizitates nodroSinasanai. Presformas matricu
izgatavo no oglekla vai legéta teérauda ar cietibu péc Rokvela 58 — 64 [16].

Lai samazinatu presésanas spéku zudumus, kas art ietekmé sagataves blivuma vienmeérigu
sadalfjumu, pulveru $ihtas maisijumam pievieno smérvielas. Pulvermetalurgija pielietojamas
smérvielas iedala inertajas un aktivajas.

Inertas smervielas lauj samazinat berzi starp pulvera dalinam un presformas sieninam,
neietekmgjot pulvera materiala Tpasibas.

Aktivas smervielas papildus ietekmé pulvera dalinu deformacijas izturibu, tada veida
sekmgjot dalinu savstarpgjas parvietosanas atviegloSanu pres€Sanas laika, ka ar1 to labaku
sablivésanos, un rezultata nodroSina sagataves augstaku stipribu pie zemakiem presé€Sanas
spekiem. Aktivo smérvielu pozitiva iedarbiba skaidrojama ar to, ka absorbgjoties ar dalinu
virsmu, tas ieklaujas poras, submikroskopiskas plaisas un citos defektos, tada veida
atvieglinot pulveru argjas virsmas slanu deform&Sanu. Ka aktivo smervielu biezi izmanto
oletnskabi [75].

Smérvielu izmantoSana, it Ipasi aktivo, biitiski samazina sagataves stipribu, tapéc to
parsvara izmanto detalu presé€Sana no plastiskiem materialiem ar pietiekoSu stipribu. Cieto un
trauslo materialu pres€$ana izmanto Iim&josas un plastificgjosas piedevas, tadas ka kampars,
parafins, kaucuks, kas atvieglo slidéSanu un pulvera dalinu salim&Sanos [5]. Sagataves
razoSanas process ar noteiktiem izmériem un formu sastav no sekojosam pamatoperacijam:

1. Pulvera dozeSanas un iesvara aprékins;

2. Pulvera iebérSana presforma;

3. Presésana;

4. Sagataves izspieSana no presformas.

Aprekinot pulvera iesvaru Q, izmanto formulu [58], [70]:

Q=V-y,-0-Ki-K,, (1.14.)
kur V' — gatava (sakepinata) izstradajuma apjoms;

vk — pulvermateriala blivums;

6 — gatava izstradajuma relativais blivums;

K — koeficients, kas nem véra pulvera zudumus preséSanas laika, kas vienads no 1.005
lidz 1.01 (atkariba no izgatavojamo detalu precizitates);

K> — koeficients, kas nem ve€ra masas samazinaSanos sakepinaSanas laika (oksidu
atjaunosSanas un piemaisijumu izdegSanas rezultata, taja skaita smervielas, plastifikatoru un
tml.), kas vienads no 1.01 Iidz 1.03.

Daudzkomponentu materialu presésanas laika (pulvera maisTjumu), to blivumu yx (g/cm?)
nosaka saskana ar aditivitates likumu péc formulas (1.15.):

_ ) an
Vie = 100/[1 + 2 4.+ 72], (1.15)
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kur aj, az,...a, - atsevisko komponentu saturs materiala (pulveru maistijuma), %;

Y1, Y2,... Yn — katra komponenta blivums g/cm?.

Aditiva blivuma vy aprékinu nepiecieSams veikt arT vienkomponenta materialiem, kas
satur lielu piemaisijumu daudzumu. Aditiva blivuma vieta var izmantot sakepinata materiala
dalinu patieso blivumu, izmérot to ar piknometrisko metodi.

Pulvera doz€sanu veic p&c masas vai ar apjoma panémienu. Turklat panémienu izvélas
atkariba no pres€Sanas iekartas tipa. Piemé&ram, neautomatiskas preséSanas gadijuma
visbiezak izmanto pulvera pres€Sanu p€c masas, bet izmantojot automatisko presé€Sanu —
apjoma doz€Sanu, piepildot ar pulveri presformas matricas uzbéruma dobumu, kas atbilst
noteiktam apjomam.

Sagataves augstuma aprekins

Sagataves augstums ir atkarigs no izstradajuma augstuma pielaides, sakepinaSanas
sarukuma, elastigds p€cdarbibas un kalibréSanas uzlaides. Sagataves augstuma minimalo
izmé&ru var noteikt p&c formulas (1.16.) [58], [70]:

hnpmin = Pmin — 61 + € + 1y, (1.16.)
kur Amin— gatava izstradajuma minimalais augstums;
d;— elastigas p&cdarbibas lielums, mm;
€n - sakepinasanas sarukums augstuma, mm;
ny - kalibré$anas uzlaides, mm.
Ja sarukuma svarstibas ieklaujas izstradajuma pielaides ietvaros, tad sagataves augstumu
var noteikt ka vidgjo starp vislielakajiem un vismazakajiem izmériem (1.17.):

hnp max+hnp min
Py 2 i, (1.17.)

Gadijuma, ja sarukuma svarstibas parsniedz izstradajuma pielaidi (en > Anp max — Hnp min),
tad sagataves augstumu rekomende pienemt ka maksimalo /.y max. [70].

Iekrausanas kameras augstuma aprekins
IekrauSanas kameras augstumu (H), tatad matricas dalu, kas tiek piepildita ar pulveri,
nosaka péc formulas (1.18.):
H = hyy -k, (1.18.)
kur 4, - sagataves augstums, mm;
k — iebeéruma augstuma koeficients;

k=P
Puzb

kur puz»— pulveru maisijuma tilpuma masa, g/cm?®;

, (1.19.)

pn— sagataves blivums, g/cm?, ko var noteikt péc formulas:

___(100-x)
= p D, (1.20.)
kur p — kompakta blivums g/cm?;

X — sagataves porainiba.
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Tatad presformas konstru€Sanai ir nepiecieSami sekojosi dati:

- sagataves ras¢jums saskana ar tehnologiskajam prasibam;

- pulvera sastavs;

- presé€Sanas spiediens;

- preses iekartas raksturojums (tips, jauda);

- presformas darbtelpas izméru aprékins, kas sastadits saskana ar pulveru
tehnologiskajam 1pasibam;

- pulvera saspiesanas koeficients;

- preséSanas shéma;

- izgatavojamo detalu daudzums.

PreseSanas speka aprekins
Pres@sanas spéks tiek aprékinats péc formulas:

P=q-F-'n (1.21.)
kur ¢ — pres&$anas Tpatngjais spiediens, #/cm?;
F — preséSanas laukums, kas vienads ar izstradajuma horizontalas projekcijas laukumu,

cm?;

n — veidojoSo ligzdu skaits presforma.
Pres@Sanas 1patngja spiediena atkariba no materiala tipa paradita 1.17. attéla.
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Ipatné&jais spiediens, t/icm?

1.17. att. — Pres€Sanas 1patngja spiediena vertibas atkariba no materiala tipa.

Preses izspieSanas spéks ir aptuveni 25-35% no presésanas speka [16].
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1.3. tabula paraditas spiedienu veértibas pie vienpus€jas preséSanas un galvenie tehnologisko
operaciju reZimi prasita izstradajuma blivuma iegtiSanai.
1.3. tabula

Galvenie tehnologisko operaciju rezimi izstradajumu iegtianai ar prasito
blivumu [5], [83]

Blivums, g/cm? Tehnologisko operaciju rezimi

6.0 —6.6 Preseésanas spiediens — 500 — 700 MPa, sakepinasanas temperatiira —
o 1150 —1200°C, laiks — 2 stundas
PreséSanas spiediens — 400 — 600 MPa ; | sakepina8ana: temperattra

6,7-7,1 — 800 — 850 °C, laiks — 1 stunda; papildpreséSana zem spiediena 600 —
1000 MPa ; Il sakepinaSana: temperatira— 1150 — 1200 °C, laiks — 2
stundas
PreséSanas spiediens 400 — 600 MPa , sakepinaSana pie temperatdras
72-175 1150 — 1200° C, laks — 2 stundas; sildidana lidz 1100° C un

StancéSana zem spiediena 800 — 1000 MPa
Presésanas spiediens 600 — 700 MPa , sakepinaSana pie temperatiras
1100 — 1200° C, laiks — 2 stundas kopa ar piesiicinasanu ar varu vai misinu

76-738

1.5.2. Metalpulveru sagataves sakepinasana

Auksta pres€Sana nenodroSina sagataves mehanisko cietibu. Fizikali - tehnisko pasibu
paaugstinasanai un detalu fizikali - kimisko 1pasibu nodroSinaSanai sagataves paklauj
sakepinaSanai. Sakepinasanu veic temperatira 0,7-0,8 no pamata komponenta absoliitas
kaus€Sanas temperatiiras [5].

Sakepinasana ir sarezgits materialu parejas process starp pulvera dalinam augstas
temperatras, kas noved pie saites stiprinaSanas starp pulvera dalinam un pulvera blivésSanu.

Dazado metala pulveru sakepinaSanas rezultata pie noteiktam temperatiiram var iegit
tadas struktiiras un formas detalas, kadas ar citiem panémieniem iegtt ir loti sarezgiti, dargi
vai vispar neiespéjami. Sada raZo3anas panémiena iesp&jas un priekSrocibas ir tik
parliecinoSas, ka neizraisa Saubas par to talaku zinatnisko un praktisko attistibu.

Sakepinasanas procesa, pateicoties pulvera dalinu kontaktu kvalitativam un kvantitativam
izmainam, palielinas dalinu aizkerSanas kontakta virsma, paaugstinas izstradajuma blivums
un cietiba, tiek panaktas nepiecieSamas fizikalas un kimiskas 1pasibas [39].

Visu sarezgito procesu secibu, kas notiek, sildot pulvera kermeni, parasti cenSas sadalit
stadijas, katrai no tam pietiekoSi precizi var noradit virzoSos spekus un biitiskakos masas
parneses mehanismus. Kaut ar1 tads dalijums ir €rts, tas tomér liela méra ir tikai nosacits, jo
atkariba no pulvera kermena sakotn€jam ipasSibam un sakepinaSanas apstakliem daZas
paradibas notiks secigi vai vienlaicigi, blok&jot vienu vai pat vairakas stadijas.

Sakepinamajam pulvera kermenim raksturigi dazi geometriskie elementi (1.18. att.), ko
var definét ar jédzieniem ,,kaklina”, ,,starpdalinu kontakts”, ,, pora” u.c.
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1.18. att. — Pulvera kermena fragments pirms (A) un péc (B) sakepinasanas un divdaligs
sakepinasanas modelis (C): a — dalinas radiuss; p — ,.kaklins” radiuss; y — izveidota

kontakta Skérsgriezuma radiuss; y — dalinu centru tuvinaSanas lieluma puse.

J. Geguzins [67] izdalija tr1s principiali atSkirigus pulvera kermena stavoklus ta sildiSanas

procesa, no kuriem katrs atbilst noteiktai stadijai.

Pirmaja (sakuma) stadija notiek pulvera dalinu piecepinasana citai pie citas, ko
pavada kontakta laukuma palielinasanas starp tam; katra dalina saglaba struktiiras
individualitati, t.1., robeza starp tam saglabajas, lidz ar to saglabajas jédziens
“kontakts starp dalinam”.

Otraja stadija poraino kermeni var attélot ka divu nekartigi mainigu faZzu kopumu
— vielas (dalinas) fazes un “tukSuma” (poras) fazes, Saja stadija noslégtu poru
formesanas vel nebeidzas, bet kontakti starp dalinam jau paziid, un robezas starp
tam izradas izvietotas patvaligi, bez sakara ar sakotngjo robezu izvietojumu starp
sakuma dalinam.

Tresaja stadija pulvera kermeni galvenokart ir tikai noslégtas, izol€tas poras, kuru
skaits un kopg€jais apjoms var samazinaties. Jaatzimeé, ka pat Stm trim stipri
apvienotajam stadijam nevar biit skaidri norobezota atSkiriba: noslégtas (izoletas)
poras satiekas reala pulvera kermeni agrinaja sildiSanas stadija (pieméram, vél
sagataves veidoSanas laika), bet dazi sakotn&jie kontakti starp dalinam saglabajas
teju I1dz treSajai sakepinaSanas stadijai.

Detalizetakai procesu, kas pavada pulvera kermenu sildiSanu, analizei bieZi izdala seSas

sakepinasanas stadijas [41]; [67]:

1) attistiba un raSanas ar sekojoSu saiSu attistibu starp dalinam;

2) starpdalinu kontaktu , kaklinu” veidoSanas un augsana;

3) pilnigas porainibas slégSana pulvera kerment;
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4) poru sferoidizacija;
5) pulvera kermena sablivéSanas izol&tu poru rukuma dél;
6) poru paplasinasSanas (sapliiSana).

SaiSu attistiba starp dalinam sakas uzreiz ar pulvera kermena sildiSanu, t.i., visagrakaja
sakepinasanas etapa. Tas ir difuzijas process, kas noved pie starpdalinu robezu veidosanas un
attistibas, un tatad pie pulvera kermena izturibas un elektrovaditsp&jas palielinaganas. Sis
stadijas rezultats — ,,kaklinu”, t.i., tiltinu veidoSanas starp dalinam (pulvera graudiniem).

Sakepinasanas virzosie spéeki

Sakuma stavokli (lidz sildiSanai) pulvera kermenis ir sist€ma, kas vienlaicigi péc
daudziem parametriem ir attala no termodinamiska lidzsvara stavokla. Tas saistits vispirms ar
augsti attistttu atsevisku pulveru brivu virsmu (sadalas viela - tukSums starpfazu virsma) un
virsmu starp to struktiiras dispersiem elementiem (sazarots starpkristalitu robezu tikls, pulveru
ieksgjie mikrodobumi utt.), ka arT ar pasas vielas kristala strukttiras defektu.

SildiSanas laika pulvera kermena brivajai energijai japazeminas sakara ar izmainam
sistéma, kas tiecas ka minimiz€t jebkura veida virsmas, ta arl samazinat mikrokroplojumu
koncentraciju pulveru struktiiras elementos.

Pulvera konglomerata parvertibas procesu bliva kermeni var apskatit ka analogu
kimiskajai reakcijai un raksturot ar brivas energijas pazeminasanas termodinamikas
vienadojumu (1.22.) [67]:

AF =AH —T -AS, (1.22.)
kur AH un AS — attiecigi siltuma satura un sist€mas entropijas izmainas.

Ta ka vienfazes sistémas sakepinaSanas laika nenotiek bitiskas izmainas tas kimiskaja
sastava, kas nepiecieSamas sakotngjas porainas masas parvérSanai bliva kermeni, brivas
energijas pazeminaSana pilniba saistita ar brivas virsmas samazina$anos, kas raksturigi
sakepinamajam pulvera kermenim. Virsmas laukuma samazinasanas atbilst virsmas energijas
dalas samazinajumam sisteémas kopgja (summaraja) brivaja energija.

Citiem vardiem, vielas sildama masa tiek paklauta izmainam, kas tiecas minimizet taja
brivo virsmu. No §1 skatpunkta var apliikot jebkuru no seSam ieprieks aprakstitajam stadijam
un parliecinaties, ka katra no tam notiek virsmas samazina$anas; jo lielaks summarais virsmas
laukums un defektu koncentracija sakotn&ja pulvera kermeni, jo lielaki art virzoSie spéeki
visam sakepinasanas procesa stadijam.

SakepinaSana var notikt vakuuma vai kontroléta atmosféra — atjaunojosa vai neitrala.

IzturéSana pie sakepinasanas temperatiras atkariba no Sihtas sastava ilgst Iidz dazam
stundam.

SakepinaSanas rezultata dzelzs-grafita cietibas 1pasibas palielinajas no 100 lidz 300 MPa
atkariba no materiala, procesa reZimiem un porainibas. Cietiba palielinajas no 60 lidz 100 HB.
Izstradajumu blivums paaugstinajas, paaugstinoties sakepinaSanas temperatiirai un preséSanas
spiedienam.

Pulvera antifrikcijas materialu preséSanas un sakepinasanas reZimi ir noraditi 1.4. tabula.
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1.4. tabula

Pulvera antifrikcijas materialu preséSanas un sakepinasanas rezimi [16]

. Sakepinasanas rezims
. PreséSanas —
Pulvera materials o o, IzturéSanas . .
spiediens, MPa Temperatdra, °C . ) Aizsargvide
ilgums, min.
Dzelzs grafits 400-800 1050-1150 60-180 Endogaze
Bronzas grafits 200-400 720-850 30-120 Udenradis

Pulvera detalu sagataves sakepinasanu veic krasni, kas atSkiras péc konstrukcijas un péc
uzsildiSanas panémieniem.
Sakepinasanas krasnis klasificg pec sekojosam pazimém [3]:
- péc uzsildisanas tipa vai energijas avota: elektriskas vai gazes;
- péc darbibas principa: periodiskas vai nepartrauktas darbibas;
- péc darba atmosferas rakstura: ar gaisa, neitralo vai atjaunosanas gazes atmosfeéru
un vakuuma;
- pec darba temperatiiras: zemas temperatiras (Iidz 1250° C) un augstas
temperatiras (virs 1250° C);

- p&c mehanizacijas pakapes: automatiskas, pusautomatiskas un neautomatiskas.

Sakepinasanas atmosféras un aizsargiebérSana

Pulverdetalu sakepinasanu veic gazes aizsargatmosféra vai vakuuma. Aizsargatmosfeéru
pielietoSana ir nepiecieSama, lai pasargatu uzsildamo materialu pret oksidéSanos termiskas
apstrades procesa. OksidéSanas sakepinasanas procesa ir nevélama paradiba, jo oksidu pléves
veidoSanas uz pulvera dalinam bremze vai pilnigi apstadina uzsildamo pulvera kermenu
sablivéSanas un sacietinasanas procesu.

Aizsargvides izvele lielaka meéra ir atkariga no pulvera materiala sastava, krasSnu tipa un
no ekonomiskajiem faktoriem. Ka aizsargatmosféra visbiezak tiek izmantots tdenradis,
konvertéta dabasgaze, argons un vakuums. Aktuala probléma ir aizsarggazu zavésana, kuru
H,O saturu raksturo ar rasas punktu vai gramos uz 1 m>, ka arT procentos [55].

Sakepinasana piedod detalai nepiecieSamo stipribu, veidojot savienojumu starp metala
dalinam.

Virsmas difiizija ir domingjosa PM teraudu cietas fazes sakepinaSanas gadijuma.
SakepinaSanas pakapi nosaka uzstadito kaklinu skaits un stipriba. Starpdalinu kaklinu
veidoSanas un augSana tiek nodroSinata ar agru un efektivu virsmas oksidu atjaunoSanu, kas
parklaj pulveri. SakepinaSana atjaunoSanas atmosferas likvidé virsmas oksidus. Jauktajam
grafitam arT ir arkartigi svariga loma deoksidacijas laika, reducgjot oksidus ar tieSu un netieSu
karbotermiskas atjauno$anas mehanismu izmantojumu [9].

SakepinaSanas sakuma etapos nepiecieSamas arl savstarpgji saistitas poras, kas atvertas
virsmai. Atvertas poras vajadzigas, lai efektivi nonemtu smérvielas, ka ar1 lai nodroSinatu
gazveidigo produktu (pieméram, idens tvaiki) izeju pie agras dzelzs oksida atjaunoSanas, kas
svarigi starpdalinu kaklinu veidoSanai (1.19. att.).

49



Kaklins Pora

1.19. att. Kaklinu un poru veidosanas [88].

Kaklina veidoSana sakas ar starpdalinu kontaktu un paaugstinoties temperatiirai pieaug,
veidojot nepartrauktu tiklu. Pateicoties difuzijai, veidojas stabili starpdalinu kaklini, kas
nepiecieSami labu materiala mehanisko 1pasibu nodroSinasanai.

Starpdalinu kaklinu un poru klatbiitni var novertét, analiz€jot parbaudamo sakepinato
paraugu plaisas virsmu. 1.20. att€la paradita plaisas virsma ar apgabaliem, kur nepilnibas un
transdalinas, ka arT labi attistiti kaklini ka labi sakepinata materiala piemeérs.

1.20. att. Pulvera detalas plaisas virsma, kas parada labi attistitus kaklinus un starpdalinu
plastisko lazumu [13].

Kontrolétie aglomeracijas procesi pulvermetalurgija lauj ieglt cietakas (martensita
sastavs) un/vai izturigakas (martensita/bainita sastavs) detalas, kontrol&jot dzes€Sanas atrumu.
Lidz ar to japievér§ uzmaniba leg€joSo elementu ictekmei un detalu dzes€Sanai péc
sakepinasanas. Materiala ridamibas atkariba no dazadu leg€joso elementu satura ir paradita
1.21. attela.
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Reizinasanas koeficients
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1.21. att. Leg€joso elementu ietekme uz materiala ridamibu [99].

Leggjosa elementa pievienosana pulveru kompozicijam lauj palielinat materiala ridamibu,
un rezultata leg€joso elementu saturs nosaka materiala tribotehniskas Tpasibas. Var secinat, ka
Cr un Mn leggjosie elementi salidzinajuma ar citiem elementiem vairak ietekm& materiala
ridamibu [99].

Mingtas prasibas un parametri tika nemti vera, izgatavojot antifrikcijas detalu
eksperimentalus paraugus.
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2. EKSPERIMENTALO METALPULVERU DETALU
RAZOSANAS PROCESU PETIJUMI

2.2. Eksperimentalo detalu no mazlegétiem komponentiem
tribotehniskie raksturojumi

2.2.1. Eksperimentalo detalu mehaniskas 1pasibas

Detalizetai antifrikcijas detalu tribotehnisko 1pasibu izpé&tei tika izgatavoti vagona bremzu
sviru sisttmas bukSu eksperimentalie paraugi no mazlegéta pulvera materiala uz Fe-C-Cu
bazes ar Ni un Mo saturu lidz 0,3 %. Detalas tika izgatavotas ar vienpusgju statisku preséSanu,
kam sekoja sakepinasana.

Vienpusgjas buksSu preséSanas tehnologiskais process paradits 2.1. attéla. Presformas
sastava ietilpst matrica 3, kas satur pres€joSo puansonu 1. Detalas cilindrisko atvérumu veido
stienis - ieliktnis 4, bet matricas integralo stavokli nodroSina aptvere 5.

2.1. att. Vienpusgjas presésanas tehnologiska procesa principiala shéma.
a) pulvera ieb&r$ana; b) presésana; c) izspieSana.

Darbs ar konkréto presformu ietver sekojoSo. Tehnologiskas operacijas sakuma tiek veikta
presformas salikSana. Matrica tiek savilkta ar aptveri, uz tas tiek uzstadita iekrauSanas kamera
2.

Matricas 3, ieliktna 4 un iekrausanas kameras 2 izveidotaja dobuma ieber dozetu pulvera
daudzumu. Uzstada puansonu 1, parnes salikto presformu uz hidrauliskas preses galdu un veic
preséSanu.

Saspiesto briketi 6 no presformas dobuma iznem §ada seciba: presformu uzstada uz
speciala gredzena, kura atvéruma diametrs ir lielaks par ieliktna 4 ar€jo diametru un mazaks
par matricas 3 ar&jo diametru, p€c tam izspiez ieliktni.

Paraugu izgatavoSanai tika izmantoti pulveru maisijumi, kas satur leggjosus elementus Ni,
Cu, Mo (2.1. tab.). Ka bazes materials tika pienemts kompanijas Hoganas AB raZotais
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maisijums AHC100.29 + Cu + Ni + C (1. maisjjums) un maisijums ar Ni un Mo saturu, kas

mazaks par 0,3 %, un paaugstinatu Cu saturu (2. maisjjums) un 3. maisijums ar Ni saturu virs

2 % [91].
2.1. tabula
Materialu raksturojums paraugu izgatavosanai
Pulvera raksturojums
K ) Plasta-
- omponent, miba, Uzb&ruma Sablivejums,
Maistjums % (masas) -
s. uz blivums, g/em’
50 g g/cm’?
Fe, | Ni, | Cu, | Mo, S, P, C,
Kennolube
% % % % % % %
1.
. 94 201 20| 05 02 | 0,1 1,2 1,0 38 3,18 7,05
maisTjums
2.
. 96,5 | 0,22 | 2,27 | 0,28 | 0,04 | 0,01 | 0,68 0,7 40 3,15 6,85
maisijums
3.
. 94 25120 05] 02| 0,1 0,7 1,0 40 3,05 6,90
maistjums

Paraugu pres€Sana tika veikta cieta presforma uz hidrauliskas preses 600MPa spiediena.

Sakepinasana tika Tstenota aizsargatmosfera 60 miniisu garuma 1120° C temperatara [37].

2.2. tabula

Paraugu geometriskie izméri un dazas to fizikali — mehaniskas ipasibas

Argjais diametrs Biezums [mm] Augstums Porainiba Cietiba
[mm] [mm] (%] [HB]
40 4 30 15 120
80 6 80 18 90

Metalpulveru slidbukSu paraugu no izmantotajiem maisijumiem fizikali — mehanisko

1pasibu izpétes rezultati paraditi 2.2. tabula. Paraugu spiedes stipribas robezas tika parbauditas
atbilstosi standartam /SO 2739:2012 [96].
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Spiedes stipriba, MPa
w
o
o

6.1 6.3 6.5 6.7 6.9 7.1

Blivums, g/cm3

]l =@=3 2

2.2. att. Spiedes stipriba un materiala bltvuma atkariba [37].

Materialam no mazlegéta pulvera (2.2. att.) (2. maisijums) stipriba ir nedaudz zemaka par
kontroles materialu (1. maistjums). Nemot vera iev@rojami zemako 2. maisijuma dargo
legg€joso komponentu saturu, ka arT atbilstibu prasibam, kas noteiktas [31], [85], [87], to var
rekomendét metalpulveru slidbuks$u razosanai.

Eksperimentala materiala blivuma un spiedes stipribas atkaribas prognozesanai, ka ari
raksturlielumu kopsakaribas rakstura izmekl€Sanai tika veikta regresijas analize, kuras
rezultata ir iegiits regresijas modelis, 2.1. formula.

}_7 = Qay + Z?:ll a;x; (21)
kur
y — ar regresijas modeli aprékinata rezultativa pazime;
ao ,ai — regresijas koeficienti;
xi — faktoriala ietekméjoSa pazime;
1 — faktisko mainigo lielumu indekss;
n — mainigo lielumu skaits

Materiala no mazlegéta pulvera (2. maisijums) regresijas grafiskais att€lojums redzams
2.3.att.
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Spiedes stipriba, MPa

y =48.571x - 48.905

R?=0.981

6.2 6.4

6.6 6.8

Blivums, g/cm3

7 7.2

@® Spiedes stipriba_2

Linear (Spiedes

stipriba_2)

2.3. att. Mazlegéta kompozicijas materiala (2. maisijums) spiedes stipribas un blivuma

regresijas grafisks.

Ar regresijas metodi izveidoto prognoz€Sanas modela un to faktoru statistiskais
nozimigums tika novertets ar dispersijas analizes metodi ANOVA (Analysis of Variance).
Aprekinu rezultati programmas Minitab vide ir redzami 2.4. attela.

SUMMARY OUTPUT

Regression Statistics

Multiple R 0.990478004
R Square 0.981046676
Adjusted R Square 0.976308345
Standard Error 2.824215019
Observations 6
ANOVA
df SS MS F Significance F
Regression 1 1651.428571 1651.428571| 207.044776| 0.000135571
Residual 4 31.9047619 7.976190476
Total 5 1683.333333
Coefficients Standard Error t Stat P-value Lower 95% Upper 95%
Intercept -48.9047619 22.30865984 -2.19218735| 0.09346362| -110.8435313| 13.0340075
Blivums_2 48.57142857 3.37558259 14.38905056| 0.00013557| 39.19930881| 57.9435483
RESIDUAL OUTPUT
Observation Predicted Spiedes stipriba_2 Residuals Standard Residuals

1 247.3809524 2.619047619 1.036813499

2 257.0952381 -2.095238095 -0.829450799

3 266.8095238 -1.80952381 -0.716343872

4 276.5238095 -1.523809524 -0.603236945

5 286.2380952 3.761904762 1.489241208

6 295.952381 -0.952380952 -0.377023091

2.4.att. PrognozeéSanas modela statistiskais nozimigums un aprékinu rezultati Minitab

vide.
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Korelacijas koeficienta skaitliskas vertibas atrodas robezas:
-1<R<1

Ja (R = 0) starp pétamam paradibam nav sakaribas;
Ja (R = 1) sakariba ir funkcionala un tieSa;
Ja (R =-1) sakariba ir funkcionala un pretgja.

Tika aprékinati sakaribu cieSuma raditaji:

- korelacijas koeficients (R) bija 0,99 %, kas norada uz cieSam spiedes stipribas un
blivuma sakaribam.

- determinacijas koeficients (R?) kas raksturo modela precizitati, péc aprékiniem R> =
0,981 jeb 98,1 %. Tas nozime, ka 98,1 % materiala stipribas variacijas ir atkarigas no
materiala blivuma.

Ar modela palidzibu materiala stipribas aprékinatas svarstibas redzamas 2.5. attéla.

O T T T T T 1

6 6.2 6.4 66 o 6. 7 ¢ 72
-2 V'S *

Spiedes stipribas
korelacija, MPa

Blivums_2, g/cm3

2.5. att. Aprékinatas spiedes stipribas korelacija.

No aprékinu rezultatiem var secinat, ka materiala stipriba, nemot véra ar matematisko
modeli aprékinatas iesp&jamas svarstibas, atbilst prasibam metalpulveru slidbuksu raZoSanai
un izmantoSanai dzelzcela vagonu bremZu sviru parvada Sarnira mezglos.

Talakai mazlegétas kompozicijas apgliSanai tika veikta metalografijas izp&te, lai izzinatu
materiala mikrostrukttru.

Pirms metalografijas javeic galvenais uzdevums — nepiecieSamie priekSdarbi, lai
sagatavotu paraugus analizei zem mikroskopa.

Turklat att€lojumu mikroanalizei izvirzitas stingras atbilstoSas kvalitates prasibas paraugu
virsmai: nedrikst but artefakti, malu aizsprostojumi un skrap€jumi, kas biezi ir kvantitates
novertejuma kliidu c€lonis. NepiecieSamo mikroslipgjumu iegiiSanu metalografija var garantét
tikai specials aprikojums izméginajumu paraugu sagatavosanai.

Mazlegéta materiala mikrostruktiiras analizei tika izgatavoti slip&jumi ar metalografijas
aprikojuma PRESI palidzibu [98]. Mecatome 255/300 — paraugu grieSanai; Mecapress 11 —
slipgjuma iepreséSanai, Mecatech 334 — slip&€umu puléSanai (2.6. att.).
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a). Mecatome 255/300;, b). Mecapress 11 c). Mecatech 334.
2.6. att. Aprikojums PRESI metalografijai.

Visizplatitakas no dazadam misdienu metalografijas analizes izmé&ginajumu paraugu
sagatavosanas metodém ir: mehaniska slipgjumu sagatavosana (2.6. att. a.), kas sevi ietver
parauga grieSanu ar abrazivu vai dimanta disku, karsta un auksta iepreséSana (2.6. att. b.),
automatiz&ta slipésana un finala pul&sana (2.6. att. c.).

Materiala mikrostruktiiras novertéSanai tiek izmantots optiskais mikroskops Keyence

VHX-2000 (2.7. att.) [97]. 2. parauga mikrostrukttira atspogulo vienmérigi sadalito porainibu
(2.8 att.).

2.7. att. Optiskais mikroskops Keyence VHX-2000.
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2.8. att. Mazlegéta matalpulvera materiala mikrostrukttira [37].

Petijumi paradija, ka, slidbukSu izgatavosanai izmantojot metalpulveru 1. un 3.
maistjumu, rodas problémas iegiit pec kimiska sastava un struktliras viendabigus
izstradajumus, jo tie tiek raditi, maisot sakotngjos pulverus, savukart 2. maisijumu izgatavo,
izsmidzinot dota kimiska sastava kausétu téraudu, kam seko cietas smérvielas pievienoSana
[20]. Tadel, lai iegltu bremzu sviru sisttmu metalpulveru slidbukses, kas paredz&ti darbam
triecieniedarbibas apstaklos un sarezgiti saspringta stavokli, lietderigi izmantot mazlegétu
pulveru kompoziciju — 2. maistjumu.

2.2.2. Eksperimentalo detalu tribologiskie un virsmas kvalitates
merijumi

Raupjums — ta ir viena no svarigakajam kustigo mehanismu un izstradajumu
ekspluatacijas iezimém, tieS§i no raupjuma atkarigs berzes koeficients, korozijizturiba,
dilumizturiba un citi detalu mehaniskie raksturlielumi. Tadgadi uz darba detalu virsmam
pastavigi notiek procesi, kas var atstat negativu ietekmi uz tam. Pie tadiem procesiem
pieskaita: plaisu paradiSanos, mehanisko nodilumu, kas rodas no berzes, eroziju, metala
koroziju, sakrokojumu, atskarpju paradiSanos. Tadi defekti var atstat negativu iespaidu uz visa
mehanisma darbu. Virsmas raupjuma parametri — viens no pasiem svarigakajiem produkcijas,
kas strada ar lielu nolietojumu, kvalitates raditajiem.

Raupjuma novertésanai tiek izmantotas optiskas, zondes, elektroniski — mikroskopiskas un
citas metodes. Riipniecisku pielietojumu ieguvusi zondes metode. Tas biitiba ir sekojosa: pa
virsmu slid adata ar noapalojuma radiusu 2...10 pum, kas bitiski mazaks par
mikronelidzenumu virsotnu noapalojuma radiusu. Adatas svarstibas vertikala virziena
parveidojas elektriskos signalos, un tie pienak mikroprocesora, kas sniedz ciparu veida
galvenos profila raksturlielumus. Pe€dgjos gados izstradatas metodes profilogrammu iegtiSanai,
izmantojot rastra, elektronu un skenéSanas mikroskopus. Izskirtsp&ja Saja gadijuma sasniedz
nanometrus. Izdodas registrét molekularu izméru raupjumu (submikro raupjums), ka ari
kristaliskas struktiiras mikrodefektus.

Lai novértétu mazlegétu buksu un pétamas detalas virsmas stavokla metrologiskas izp&tes
kvalitati, tika izmantota trisdimensiju mérisanas sisttma “Taylor Hobson Ltd” (2.9. att.).
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2.9. att. Trisdimensiju meriSanas sist€ma “Surface Measurement Machine Talyrond
500H” [89].

ST sistéma spéjiga mérit raupjumu, vilnainumu, summaro virsmu, ka ari atainot tos ar
grafisko att€lu palidzibu. Divdimensiju un trisdimensiju mérjjumi ar irbuli tika veikti,
izmantojot pamata “pakapsanas” metodi (2.10. att). Datu apstrade tika veikta datora ar bazes
programmnodro$inajuma palidzibu [59].

2.10. att. Virsmas raupjuma testeéSanas principiala shéma [90].

Raupjuma mériSana tika veikta, izmantojot profilometru, ar kuru iesp&jams noteikt gan
vidgjo profila augstumu Rz, gan vid€jo aritmétisko profila novirzi Ra.

Profilometra galvena sastavdala ir koniska dimanta zonde, kas savienota ar pjezoelektrisko
devéju, ar zondes palidzibu ir iesp&jams izmérit virsmas profilu (raupjumu). Zonde
parvietojas perpendikulari parbaudamajai virsmai, bet dev€js generé signalus. Signali no
devéja caur elektronisko pastiprinataju nonak elektroniskaja bloka, kas parrékina nolasitas
parvietojuma vertibas un atspogulo tas displeja ka meérijumu rezultatu (2.11. att.).

Tika izmériti divdimensiju raupjuma parametri (atbilstosi ISO 4287 “Surface texture:
Profile method - Terms, definitions and surface texture parameters”);
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e Ra - vidgja aritmétiska profila novirze
e Rz - profila nelidzenumu augstuma raditajs (profila piecu lielako minimumu un
piecu lielako maksimumu punktu vid€jo aritmétisko absoliito novirzu summa bazes

garuma)
pm Length=1.26 mm Pt=16.3 pm Scale = 17 pm
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2.11. att. Eksperimentalas detalas raupjuma profilogramma. (“Taylor Hobson Ltd.”
lietojumprogrammatiiras attéls).

Turpinajuma tika izm@riti un izanalizéti vairaki trisdimensiju tekstiras parametri
(atbilstosi EN ISO 25178-2 “Surface texture: Areal - Part 2: Terms, definitions and surface
texture parameters”) [93].

1) amplitidas parametri: Sa, Ssk;

2) telpiskais parametrs: Str,

3) funkcionalais (materiala apjoms) parametrs: Vmc,

4) hibrida parametrs: Sfd.

Tada virsmas parametru izvéle balstita to nozimiba pulvera detalu berzes virsmam:

Sa - virsmas vidgja absoliita novirze, kas ir vispargjs virsmas raupjuma mers;

Ssk - histogrammas augstumu izvietojuma asimetrija, parada virsmas augstumu
asimetrijas pakapi attieciba pret vidéjo plakni;

Str — virsmas tekstiiras pusu attieciba — méra virsmas izotropiju;

Vmc — pec méroga ierobeZotas virsmas materiala apjoms, norada materiala daudzumu, kas
veido virsmu starp dazadiem augstumiem;

Sfd - fraktals virsmas izmérs (virsmas sarezgitiba), zemaka vértiba norada uz periodiskaku
virsmu (atSkirigu no gadijuma virsmas).

legititie trisdimensiju pulvera detalas virsmas attéli paraditi attiecigi 2.12. un 2.13. attela.
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2.12. att. Trisdimensiju mazleg&tas pulvera detalas virsmas attéla skats [37].

Alpha = 45° Beta = 30°

2.13. att. Virsmas raupjuma fotosimulacija [37].

Apskatitie pulvera detalas trisdimensiju tekstliras parametri péc mérjjumiem, ka ari
divdimensionalo mérfjumu rezultati paraditi 2.3. tabula.
2.3. tabula

Pétamas mazleggtas pulvera detalas raupjuma un virsmas teksttiras parametri [37]

2D amplitidas nelidzenuma parametrs Ra, pm 2.37
Rz, um 11.2
. _ Sa, um 2.65
3D amplitidas tekstlras parametrs Ssk 156
3D telpisks parametrs Str 0.766
3D funkcionalais parametrs Vme, mm3/mm?2 0.0187
3D hibrida parametrs Sfd 2.56

Merijumu rezultati apstiprina, ka p&tamajai pulvera detalai no mazlegéta pulvera materiala
ir salidzino8i augsta virsmas kvalitate. Jaatzime, ka virsma ir pietiekami tuva izotropai,
parametra Str vertiba (virsmas tekstiiras attieciba, méra virsmas izotropiju) tuva 1 (maksimala
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Str vertiba). Funkcionala parametra Vmc visaugstaka vertiba (pé€c meroga ierobezotas virsmas
materiala tilpums, norada materiala izme&ru, kas veido virsmu starp dazadiem augstumiem),
pierada labu virsmas nesoSo sp&ju, pateicoties lielam materiala apjomam, kas normalas
ekspluatacijas apstaklos atrodas kontakta. .

Augstas hibridparametra Sfd vertibas (tuvas 3 — maksimala Sfd veértiba) dal&ji apstiprina
sadu hipotézi: determinéti haotisko virsmu, tadu ka poraina pulvera materiala virsmu péc
pres€Sanas un sakepinasanas, nevar pienacigi raksturot ar standarta divdimensiju raupjuma
parametriem. Tadg€jadi loti ticama ir neprecizu divdimensiju me&rijjumu iegtsana izstradajuma
virsmas sarezgitibas dél.

Negativa amplitiidas parametra Ssk vertiba (p&€c méroga ierobezotas virsmas asimetrija
parada virsmas augstuma simetrijas pakapi attieciba pret vid€jo plakni) apstiprina virsmas
sp&ju noturét smervielu.

Tribologija

Standartam DIN 50324 “Tribology; testing of friction and wear model test for sliding
friction of solids (ball-on-disc system)”, ASTM G99 “Standard test method for wear testing
with a pin-on-disk apparatus” and ASTM G133 “Standard test method for linear
reciprocating Ball-on-flat sliding wear” atbilstosa tribologiska izpé&te tika veikta, izmantojot
tribometru “CSM Instruments” (Sveice) (2.14. att.).

2.14. att. “CSM Instrument” Ball-on-disk tribometer [92].

Berzes koeficients tika novertéts, izmantojot testu “ball-on-disk” bez smeérvielam, kad
test€jamais paraugs tika izmantots ka disks, bet augstas stipribas t€rauda lodite tika izmantota
ka pretkermenis. Principiala testéSanas shéma paradita 2.15. attela. Eksperimenta sakumdati
sniegti 2.4. tabula.
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Nodiluma trase

2.15. att. Principiala shéma “ball-on-disk™: F'— speks, kads pielikts loditei, R — nodiluma
radiuss [30].

2.4. tabula
Tribologisko m&rfjumu sakumdati
Spéks 3N
MériSanas periods 20s
Linearais atrums 0.05 m/s
Lodes kontakta radiuss 3 mm
Distance 1m
Pretkermena (lodites) diametrs 6 mm
Pretkermena materials (1|:())IOI\IC|;6N SO 683-17)
Parauga materials Fe-C-Cu
Skidrums virsmas tiri$anai Alcohol solution
Eksperimentalie apstakli:
Atmosféra Air
Temperatira 21°C
Mitrums 46%

Berzes koeficients ka laika, aplu (grieSanas ciklu skaits) un berzes cela garuma funkcija

parbaudamajai detalai ir redzams 2.16. attela.
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2.16. att. Berzes koeficients ka laika, grieSanas ciklu skaita un berzes cela garuma funkcija
[37].
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Ar salidzinoSi nelielam svarsttbam visa berzes garuma tiek noverota stabila berzes
koeficienta Itkne. Vizuala apskate péc izméginajumiem ar mérki noskaidrot nodiluma vai
virsmas plastiskas deformacijas pédas paradija, ka izméginajumu laika noticis standarta
berzes process. Vidgja berzes koeficienta vértiba mazleggtai pulvera buksei bija pu = 0,22.

Eksperimentalo buksu tribotehniskas pasibas, kas noteiktas péc izméginajumu rezultatiem,
apstiprina to piemeérotibu izmantosanai vagona bremzu sviru parvada mezglos.

2.3. Presésanas pétijumi ar impulsveida magnétisko lauku

Plasi pazistamas metala pulveru sablivéSanas metodes hidrauliskajas un augstas
veiktsp&jas mehaniskajas pres€s, vibracijas sablivéSana, velméSana un citas metodes. Ne
mazak pazistamas arT dinamiskas pulveru materialu sablivéSanas metodes, izmantojot
hidrauliskos un elektromagnétiskos impulsus. Jaunu keramisko un kompozitmaterialu un
izstradajumu no tiem radiSana ir ciesi saistita ar sablivéSanas metozu pilnveidosanu, kas lauj
ieglit augstaku materiala blivumu, palielinat izstradajumu gabaritus, dazadot to iesp&jamo
formu.

Pedgjos gados iezim&jusies paaugstinata interese pret hibrida un kombin&tajam
sablivéSanas tehnologijam, kas savieno statiskas un dinamiskas slodzes. Pie
hibridtehnologijam uz materialu iedarbojas ar diviem un vairak slogo$anas avotiem
vienlaicigi visa razoSanas cikla garuma. Kombin&tajam tehnologijam raksturigi, ka viena
slogoSanas avota darbibas laika otrs darbojas vienreiz uzdotaja (biezak sakuma vai beigu)
razoSanas cikla momenta (2.17.att.).

| Dinamisk3 slodze

Hibrida ||
tehnologijal’

Statiska slodze

Kombineta
tehnologija

2.17. att. Hibrida un kombin&to tehnologiju ciklogramma [35].

Pie kombinétajiem procesiem var pieskaitit vibraciju kratiSanas un impulsu blivéjuma
savienojumu, radialo dinamisko garmera izstradajumu sablivéSanu ar pakapenisku to kustibu,
statisko sablivésanu uz hidrauliskas preses un impulsu blivésanu [29], [34].
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Impulsa metodes atSkiras no plasi izplatitajam statiskajam metodém galvenokart ar daudz
augstakiem spiedieniem un deformacijas atrumiem. Spiediens un atrums ir noteicosie faktori,
kas lauj razot izstradajumus ar lielako blivumu.

Konkrétaja pétijuma ir veikta pulvermaterialu pres€Sana pielietojot impulsu preséSanas
metodes, kuras puansona parvietoSanai tiek izmantots impulsa magnétiskais lauks. Ka $is
metodes priekSrocibas minamas: papildus dinamiskas slodzes pielikuma mikro vai
milisekundes diapazons, iespgja iegiit garméra izstradajumus, iesp&ja ieblivét magnéetisko
impulsu iekartu tehnologiskaja Iinija. Tadas tehnologijas realizacija klast iesp&jama,
pateicoties noturigu induktoru izmantojumam, kas savienoti ar magné&tisko — impulsu iekartu,
un nepartrauktas pulvermaterialu padeves iericem. Darba [11] apskatitas ierices patnibas un
daudzkartgjas darbibas efektivu induktoru pielietojums. ST pieredze tika izmantota, veicot arT
eksperimentalos pétijumus.

Petijumi tika veikti ar Hoganas AB pulveriem. Dati par materialiem redzami2.5. tabula.
Sajaucot, tika pievienota Kennolube (K) smerviela.

2.5. tabula
Pulvermateriali uz dzelzs bazes
Nr. Dzelzs pulvera zimols RazoSanas metode Papildus sastavdalas
p
1. NC 100.24 atjaunots 4% Cu+0,6% K
2. ASC 100.29 izsmidzinats 1,5 % Cu +0,15 % K
3. SC 100.26 atjaunots 2,0% Cu +0,15 % K
. C Cu (1,5 %), Ni (1.75%),Mo
4. Distaloy AB ieprieks legéets (0,5%)0,15 % K

SablivéSanai tika izmantota hidrauliska prese ar maksimalo speku 100 kN. Uz preses
ramja tika novietota térauda presforma ar 10 mm diametru. IebérSanas kameras dzilums bija
20 mm.

Apaksgjais puansons apgadats ar elektribu vadoSu plaksni un uzstadits uz plakana
induktora (2.18., 2.19. att.), kas pieslégts impulsa stravu magnetizétajam “I/mpulse magnetizer
U-series” (2.20. att.) ar uzstaditu izlades energiju 2,5 kJ (25 000A).
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2.18. att. Pulvera pres€Sana cieta matricg, 2.19. att. Eksperimentala ierice [35].
magneta-impulsa presésanas (MIP)
hibridtehnologijas shéma [35]
1 — puansons; 2 — konteiners; 3 — pulveris;
4 — apaksgjais puansons; 5 — induktors.

MPULSE MAGNETIZER

U-SERIES

2.20. att. Impulsu magnetizetajs U-series

Pulveris sakotngji tika paklauts hidrauliskajai presei ar speku 50 kN, p&c tam vienreizgjai
vai vairakkartigai impulsu iedarbibai, izmantojot induktoru, kam pieslégts impulsa stravas
magnetizetajs. Impulsa stravas magnetiz€tajs lauj veikt induktora magnetiz€Sanu un

atmagnetizéSanu dazados rezimos (2.6. tabula). Eksperimenta gaita tika izmantots rezims — A
ar dazadu impulsu skaitu.
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2.6. tabula

Impulsa stravas magnetiz&taja U-series darba rezimi

ReZima nosaukums Attels ReZima apraksts
1 2 3
A
Periodiski slapéts Magnetizacija
(Aperiodically damped)
D A ﬂ L
Noslapéta svarstiba A AAAA Demagnetizacija
Stabilizacija

(Damped oscillation)

kAl

AD
Periodiski slapéts ar sekojosu
slapétu svarstibu
(Aperiodically damped with
subsequent damped oscillation)

Magnetizacija un
demagnetizacija

regulésSana)

SD
Pusvilnis ar sekojosu slapétu
svarstibu
(Sine half wave with subsequent
damped oscillation)

Ipasi pielagosanas procesi

AK
Periodiski slapéts, komutéts
(Aperiodically damped,
Commutated)

Magnetizacija
ar polaritates mainu

Tika izmantots plakanais induktors 5 no vara vada ar 6 mm?® $kérsgriezumu un 12

vijumiem. Puansona masa - 98 g, vara plates masa — 25 g.
PreséSanas blivums o6 tika novertéts,

Eksperimentu rezultati paraditi 2.21. — 2.23. att€los.
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2.21. att. Pulveru kompoziciju (2.5. tab.) blivuma izmainas blivésanas laika [35].

Rezultati, (2.21. att. ) rada ka triecienimpulsa uzlikSana paaugstina pres€juma blivumu
visam pulvera kompozicijam no 4.5 lidz 9.5% Turklat lielakais blivuma pieaugums verojams
magnetiz&taja izlades energijas augstakos limenos (2.22. att.). Izlades impulsu skaita ietekme
Ipasi jutama, ja to skaits ir neliels. Palielinoties impulsu skaitam vairak par 10, $1 ietekme

klust mazak pamanama (2.23. att.).
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2.22. att. Presgjuma blivuma izmainas 2.23. att. Blivuma izmainas atkariba no
atkariba no ipatngjas izlades energijas: a — impulsu skaita ar ipatngjas izlades energiju
0,8 kJ/em?; b — 0,9 kJ/em?; ¢ — 1,0 kl/em®; d 0.9 kl/cm?: a-1; b-5; ¢-10; d-15. [35].
—1,2 kJ/em? [35].

Ka paradija eksperimenti, kombin€to sablivéSanas metozu izmantoSana veicina
pulvermateriala blivuma paaugstinaSanos. Neliela augstuma izstradajumiem visértaka metode
ir pulvera sablivéSana cieta matric€ ar elektromagnétisko impulsu uzlikSanu.

Lai izgatavotu vagona bremzu sviru sist€émas bukses, konkréto preséSanas metodi var
rekomendgét eksperimentalo paraugu raZzoSana, jaunu paraugu kompoziciju ipasibu izpéte, ka
ar1 razojot garmera antifrikcijas bukses.

Minétas metodes izmantoSana var biit pienemama vagona ratinu antifrikcijas slidnu
raZoSana, kas darbojas sausas berzes rezima, ta ka $aja gadijuma detalas paaugstinats blivums
veicinas noturibu pret frikcijas un dinamiskam slodzeém pastaviga spéka gadijuma.
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3. METALPULVERU DETALU RAZOSANAS BRAKIS UN
KVALITATES KONTROLES PANEMIENI

3.1. Sakepinasanas brakis un pasakumi ta samazinasanai

Defektu sistéma — detalas virsmas vajas vietas — ir galvena, kur, sakot no paSas mazakas
deformacijas, attistas mikroplaisas. Ka sekas defektu esamibai uz virsmas dabiski gaidit, ka
virsmas sairSana berzes laika notiks tieSi Sajas vietas, t.i., dilSanas procesam biis selektivs
raksturs.

Sakepinot pulvera detalas, var veidoties ne tikai brakis, kas saistits ar tehnologijas
parkapumiem, bet var atklaties ari iepriek§€jo operaciju braki: pulvera un maisijumu
izgatavoSanas, forméSanas.

Pieméram, ja granulas nav pietickami deformé&tas sablivéSanas laika, tad starpgraudu
poras un saglabajusas granulu robeZas izraisis ar granulam saistitus defektus sakepinataja
detala. Defekta piemérs paradits 3.1. attela.

1 20 um

3.1. att. Granulometriskie defekti uz metalpulveru detalas virsmas [41].

Nepietieckami deformétas pulvera dalinas izraisija plaisu zalaja kompakta, kas atveras
sakepinasanas laika.

Talak atspoguloti visbieZak sastopamie braki, kas rodas, sakepinot detalas [68]:

Sleptas noslanoSanas - plaisu raSanas péc sakepinasanas pulveru formeSanas stadija, kas
veidojas forméSanas reZima neieveroSanas rezultata ka neliels nevienmérigums, un to nav
iesp&jams noteikt vizuali.

Veidnes sagrozisanas un deformacija — nepiecieSsamo pulverizstradajuma geometrisko
izm@ru neieverosana. Parasti tiek novérots plakanam detalam, kuru biezums ir neliels attieciba
pret garumu, Tpasi izgatavojot izstradajumus no smalkdispersiem pulveriem. ST braka rasanos
sekme Sihtas nekvalitativa samaisiSana un parak atra uzsildiSana sakepinaSanas procesa.
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Pardedzinajums — pulverizstradajuma normalas struktiiras izjaukSana, kas izpauzas ka
porainibas paaugstinaSanas vai plaisaSana, sakepinaSanas temperatiiras parmérigas
paaugstinasanas dél.

NepietiekoSa sakepinaSana — pulverizstradajuma blivuma un stipribas prasibu
parkapums sakara ar nepietickoSu sakepinaSanas temperatiru vai ilgstosu iztur€Sanu
uzsildiSanas laika. Braki ir iesp&jams izlabot ar atkartotu sakepinasanu.

Oksidesana — uz pulverizstradajuma virsmas apsiib&juma, plavas vai korozijas pazimes.
Sis braka veids parasti ir saistits ar aizsargatmosféras sastava parkap$anu sakepinasanas laika.

Garozina — pulvera veidnes sakepinasanas defekts, kad uz virsmas slana veidojas
struktura, kas atSkiras no uzdotas. Tas var gadities p&c pulverl ievaditas organiskas saites
sadaliSanas. Braki nav iesp€jams izlabot. Lai noverstu ta veidosanos, ir nepiecieSama pulvera
veidnes 1&€na un vienmériga uzsildiSana, kartiga ieb&rSana un pietickams aizsarggazes patérins.

UzpuSanas — burbulu veidoSanas uz sakepinata izstradajuma virsmas intensivas gazu
izdaliSanas deél sakepinasanas Skidras fazes laika vai sakara ar vietgjiem parkars€jumiem
pulvera veidnes nevienmerigas uzsildiSanas d&l, kas izraisa komponentu kuSanu
sakepinaSanas cietas fazes laika. Braki nav iesp&jams izlabot. Novérst braki iesp&jams,
izmainot sakepinasanas reZimu un pulveru veidnes uzsildiSanas panémienu.

IzsviSana — uz pulvera izstradajuma virsmas Skidras fazes izdaliSanas, materiala
kaus@juma grutktstosas sastavdalas sliktas vai pasliktinajusas saslapinasanas dg€l. Braki nav
iesp&jams izlabot. Braka novérSanai nepieciesams sakorigét materiala kimisko sastavu.

Difuzijas porainiba — porainiba, kas rodas pulvera veidnes sakepinasanas laika, kad
komponentiem ir atskirigi savstarpgjas difuzijas koeficienti.

AtogloSana — oglekla satura samazinajums pulvera izstradajuma argjas virsmas slanos,
parsvara kraspa karstas zonas atmosfera oksidétaju paaugstinata satura del. AtogloSanas
novérSanai paliktpus ar pulveru veidném nosedz ar metala vai grafita vakiem, izmanto ari
aizsargiebérSanu, kas satur oglekli.

Kveépu aplikums — tumSa aplikuma veidoSanas uz pulvera veidnes virsmas oglekla
oksida, metana vai citu ogliidenrazu sadaliSanas rezultata. Sis braka veids var rasties uz
pulvera veidnes dazadu ellu un citu vielu dél, kas sakepinas uzsildiSanas rezultata, veidojoties
oglekli saturoSiem kvépiem.

Korozija un virsmas raupjums — pulverizstradajuma virsmas veseluma bojajums dazadu
kimisko savienojumu, kas atrodas uz pulvera veidnes virsmas vai veidojas uz tas
sakepinaSanas laika, sadaliSanas vai atjaunoSanas rezultata.

SakepinaSanas brakis, 1paSi tads, kas nav izlabojams, pamatigi pasliktina ar
pulvermetalurgijas metodi veidotas detalas ekonomiskos raditajus. Péc braka konstatéSanas
nepiecieSams noteikt ta paradiSanas iemeslus un veikt darbibas, lai nepielautu turpmaku braki,
arl visos etapos pirms sakepinaSanas. Lidz ar to ir nepiecieSams attistit nesagraujoSas
kontroles izmantoSanu metalpulveru detalu razoSanas procesa.
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3.2. Metalpulveru detalu kvalitates parbaude ar nesagraujosas kontroles
metodi

Metalpulveru detalu defekti iedalas argjos — kas konstatgjami uz materiala virsmas, un
iek$€jos — kas atklajami materiala vai izstradajuma iekSiene. Test€Sanas rezultata atklatie
defekti var but div§jadi.

Nesagraujosas testéSanas veikSanai izmanto vairakas metodes, kas atkarigas no
parbaudama materiala specifikas. Visizplatitakas metodes ir:

ultraskanas parbaude (UT);

radiografijas parbaude (R7);

penetracijas parbaude (P7);

vizuala parbaude (V'7);

magnétisko ferrodalinu parbaude (MT).

Turpmakajas sadalas sikak tiks apskatitas un izpétitas divas galvenas metodes - U7 un RT.

Ultraskanas defektoskopija

Ultraskanas kontrole ir veikta ar mérki atklat tada tipa defektus ka izstradajuma materiala
nepartrauktibas vai viendabiguma trauc&jumi.

Ultraskanas kontroles galvenais uzdevums ir defektu atklasana, to parametru izmé&riSana
un bistamibas noteikSana, ka arT konkréta izstradajuma ekspluatacijas pielaujamibas
izvertesana. Kontroles veikSanas princips, izmantojot ultraskanas atbalss impulsa metodi,
balstas uz faktu, ka izstarotajs nosiita izstradajumam Tsus ultraskanas impulsus. Satiekoties ar
Skersli, pieméram, defektu vai atgrieSanas (apaks€jo) virsmu, dala no ultraskanas vilna
energijas tick atspogulota un atgriezas atpakal pie izstarotaja. Ultraskanas svarstibu uztvergjs
parveido atstarotas ultraskanas svarstibas no SkerSla elektriskajas svarstibas, kas nonak uz
ekrana — galvenais defektoskopa indikators. Defektoskops registré no defektiem atstaroto
atbalss signalu intensitati un pienakSanas laiku, kas lauj noteikt defekta apmérus un ta
atraSanas vietas koordinates.

Radiografija

Ieksejo defektu atklasana izgaismoSanas cela balstas uz rentgena staru sp&ju dazados
veidos iet cauri dazadiem materialiem un tajos novajinaties atkariba no to biezuma, materiala
tipa un starojuma energijas. Plaisu, poru vai sveskermenu ieslégumu gadijuma rentgena
starojums kliist vajaks.

Ja fiks€ta notikusi starojuma intensitates sadaliSanas — var noteikt materiala
neviendabigumu un ta atrasanas vietu. Lai atrastu metinato savienojumu defektus, no vienas
kontroles objekta puses tiek novietots starojuma avots (rentgena caurule), bet no otras -
detektors (rentgenografiska filma), uz kura ari tiek registréta informacija par defektu.
Starojumam ejot caur metinatiem vai nepartrauktiem savienojumiem, vietas ar defektiem un
vietas bez defektiem tas tiek absorbéts atSkirigi: starojuma intensitate defekta vieta, kas
aizpildits ar gaisu, gazi vai nemetala ieslégumiem, vajinasies mazak neka viendabiga metala.
Atskiribas starojuma intensitaté registré detektors, pieméram, defekta vieta rentgenografiska
filma izgaismojas tumsaka [18].
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3.2.1. Metalpulveru detalu kvalitates kontrole ar ultraskanu

Nemot veéra bremzu sist€tmu svarigumu, nepiecieSams uzlabot komponentu kvalitates
nodro§inasanu. Ar nesagraujosas kontroles palidzibu, jo 1paSi ar ultraskanas kontroli, ir
iesp€jams prognozet antifrikcijas detalu mehaniskas ipasibas, novértét poru un defektu
klatbutni. Sakepinato produktu galvena pasiba, kas tos atSkir no pulvermetaliem, ir brivas
poru virsmas klatbutne ka galvenais fazu parvértibu attistibas faktors. Briva poru virsma
izpauzas, no vienas puses, ka spriegumu relaksacijas telpa, bet no otras puses, ka vieta, kur
rodas dazadi defekti. Saja gadijuma tiek rekomendats izmantot UT metodes [37].

Lai noteiktu metalpulveru buk$u no mazlegétiem pulveru maisijumiem viendabiguma
pakapi un iesp&ju noteikt plaisas, izmantojot ultraskanu, tika izmantota TOF metode (time-of-
flight). ST metode jau agrak nodemonstréja savu augsto efektivitati plaisu atklasana
metinajumu Suves un metala izstradajumos [32]. Metode ir balstita uz zonas izskan&$anu starp
izstarotaju un uztveréju un signalu analizi, ko formé tiesa ultraskanas cauriesana, apaksas
atstarojumi un difrakcijas atstarojumi no plaisam, kad tas paradas. Veicamo mé&rfjjumu merkis
bija vienlaikus novertet materiala Tpasibu neviendabigumu péc izstradajuma apjoma un plaisu
atrasanas vietas. Kontroles parbaudei tika izve€leti paraugi ar garenisku plaisu, ka arT bez
redzamiem defektiem (3.2. att.).

Merjumi tika veikti ar virsmas izskan&jumu pie fiksetas akustiskas bazes starp izstarotaju
un uztvergju, kas vienada ar 20 mm. Lai veiktu mérjjumus uz cilindriskas virsmas, tika
izmantoti punktu kontaktu parveidotaji ar nelielu daudzumu ziedes.

Ultraskanas signalus ierosinaja divu periodu garuma sinusoidals impulss ar nesgjfrekvenci
1 MHz. Paraugi tika meriti ¢etros sektoros pa perimetru un tris augstuma joslas.

a b
3.2. att. Ultraskanas meérfjumu ilustracija: a) — paraugs ar plaisu, b) — adapteru pielikSana
[37].

Ultraskanas garenvirziena vados$a vilpa atruma mérfjumu rezultati paraugu virsma
paradija, ka tie ir neviendabigi. Skanas atrums pa atsevisku paraugu zonam var mainities
3,75-5,00 km/s, kas parada to sastava un porainibas neviendabigumu tehnologiska procesa
del. Skanas atruma sadalijums paraugos (3.3.a un 3.3.b att.) liecina par lielaku ipasibu
mainibu augstuma neka pa Skérsgriezuma zonam. Tika noverots krasi paaugstinats skanas
atrums viena no gala joslam, kas saistits ar pulvera sablivéSanas Tpatnibam.
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3.3. att. Skanas atruma sadalijums C (km/s) pa perimetru (1-4) un p&c augstuma (S1-S3)
divos paraugos [37].

Plaisas rajona ultraskanas signali tika nonemti desmit zonas izstradajuma augstuma, lai
novertetu izmainas, kas saistitas ar plaisas attistibu. 3.4.b. att€la paraditi ultraskanas signalu
kopuma divdimensiju att€li, kur abscisa ass - ultraskanas izplatiSanas laiks, ordinatu ass -
rindu péc rindas registréti signali paraugu augstuma, savukart spilgtums atbilst signalu
amplitudai, plaisas augstums atziméts ar figariekavam.
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a b

3.4. att. Ultraskanas signalu attéls paraugu augstuma (ordinatu ass): a) bez defektiem, b)
parauga ar plaisu [37].

Ultraskanas signalu divdimensiju profils precizi parada plaisas atklaSanu péc tiesas
caurieSanas signala neesamibas un aizkavéto atstaroto signalu relativas pastiprinaSanas no
izstradajuma preteja gala. Tadgjadi signalu profili var kalpot par plaisu paradiSanas
indikatoriem.

Veiktie pétijumi paradija, ka ultraskanas kontrole (7OF metode) lauj ne tikai sekmigi
atklat plaisas PM izstradajumos, bet ir arT perspektiva materiala 1paSibu izkliedes kontrolei
péc izstradajuma apjoma.

3.2.2. MP detalu savienojumu kontrole ar ultraskanas (UT) un
radiografijas (RT) metodém

TestéSana ar radiografiju un testé€Sana ar ultraskanu ir divas galvenokart lietojamas
nesagraujosas test€Sanas metodes, ar kuru palidzibu var sekmigi atklat nepilnibas, kas ir
pilnigi izstradajuma iekSieng un atrodas krietni zem virsmas dalas. Katrai metodei ir savas
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prieksrocibas iek$€jo nepilnibu atklasana: test€Sana ar radiografiju ir efektivaka, ja indikacija
nav plakana, bet testéSana ar ultraskanu ir efektivaka, ja indikacija ir plakana. Saja sadala
izklastiti petijumi ar slidbuksém uz Cu pamata, tai skaita slidbuksu savienojumu kontrole ar
ultraskanas un radiografisko metodi.

Petjumu mérkis — salidzinat divas nesagraujosas kontroles pamatmetodes, parbaudot
metalpulveru detalu savienojumu. P&amo detalu savienojums tika veikts, izmantojot
elektromagnétisko lauku [33] un speciali izgatavotu induktoru (3.5. att.). Detalu savienojuma
veikSanas shéma (3.6.a) un savienotas slidbukses ir redzamas 3.6. b,c. attéla.

3.5. att. Elektromagn@tiskais induktors [33].

Buksu pari, kas savienoti impulsa magnétiskaja lauka, paraditi 3.6.b-c att€la. Antifrikcijas
bukses tika izgatavotas no bronzas grafita pulvera ar tipiska pulvermetala sakepinaSanas
procesa palidzibu, kur var§ bija galvenais materials, bet alvas un grafita saturs — attiecigi 9 un
3%. Metalpulveru detalas uz Cu bazes biezi izmanto slidbukSu izgatavoSana, kuras pielieto
dazadas iekartas, pieméram, rito$a sastava gaisa sadalitaja detalas.

Argjas un ieksgjas bukses izméri bija sekojosi: garums 30 un 36 mm, argjais diametrs 32
un 28,5 mm, sieninas biezums 3,5 mm. Nopres€Sana tika veikta ar 90 mm augsta spirales
induktora, kura diametrs 80 mm, palidzibu. Induktors savienots ar impulsa stravas novaditaju.
Pari bija izvietoti induktora ass zona, ka paradits 3.6.a attéla. Pielikta elektromagnétiska lauka
magnétisko un elektrisko komponensu lielumi uz induktora ass sasniedza 835 A/m un 17960
V/m.
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3.6. att. a) — principiala pulvera bukSu nopres€Sanas shéma; b), c)— savienojums bukse-
bukse péc nopresésanas.
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Paraugi tika paklauti elektromagnétiska lauka iedarbibai ar "tuvajai zonai" raksturigo
magnétisko un elektrisko komponentu attiecibu un savstarpgjo orientaciju, kas veidojas daudz
mazakos attalumos par elektromagnétiska lauka vilna garumu.

Ultraskanas kontrole tika veikta atbilstoSi standartiem LVS EN ISO 16810: 2014
Nesagraujosa kontrole - ultraskanas kontrole. Parvades tehnika (ISO 16823: 2012) un LVS EN
ISO 16811: 2014 Nesagraujosa kontrole. Ultraskanas kontrole. Jutiba un skanoSanas
diapazons (ISO 16811: 2012) [94].

Impulsu atbalss metode tika izmantots ultraskanas defektoskops USM 25 no Krautkramer
GE Inspection Technologies GmbH (3.7. att.). Ultraskanas defektoskops USM 25 paredzets
defektu atklasanai (materialu nepartrauktibas un viendabiguma trauc€jumi) pusfabrikatos,
gatavos izstradajumos un metinatos savienojumos, to atrasanas dziluma un koordinatu
noteikSanai materiala, kontrol&jot p&c starptautiskajiem standartiem.

Tas lauj veikt mérjjumus plasa frekvencu diapazona no 0,5 lidz 20 Mhz materialiem
kalibréSanas diapazoniem materiala. Divu elementu parveidotajs Olympus 01JJ4L darba
frekvence 4 Mhz tika izv@l&ts, nemot véra bronzas grafita materiala specifiku, ta porainibu un
pazeminat troks$na Iimeni. Pirms izm&ginajumiem sistéma tika kalibréta, lai izm&ritu sieninu
biezumu bronzas grafita buksei, izmantojot atsevisku izm&ginajuma buksi.

3.7. att. Ultraskanas teste€Sanas process ar USM 25 of Krautkramer.

Ultraskanas testéSana

Tika salidzinati vilpa atspulgi impulsu atbalss signalos. Ehogrammas piemérs redzams
3.8. attéla. Pareizas adhézijas gadijuma starp savienojoSajam detalam ultraskanas vilnim bija
iesp€ja brivi iziet cauri robeZai starp ar&jo un iek$&jo dalu un atstaroties no sieninas iek$¢jas
virsmas. Tadgjadi atbalss reakcijai bija kavéSanas, kas atbilst dubultam sieninas biezumam
abos virzienos. Vajas apspaides un gaisa spraugas esamibas gadijuma starp argjo un ieksgjo
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dalu atbalss reakcijai ir divkart 1saks kav&jums, kas saistits ar pilnigu atstaro$anos no argjas
dalas sieninas virsmas. Tikme@r, sakara ar augsto ultraskanas vajinasanos pulvera metala
bronzas grafita, zinamiem nepartrauktibas traucgjumiem un garaku izplatisanas celu, atbalss
signali detalu augstas kvalitates savienojuma vietas ir iev€rojami vajinati salidzinajuma ar
mérfjumiem, kas veikti vaja savienojuma vietds. Ultraskanas izkliede bronzas grafita
materiala izraisija ar1 atstarojoSo virsotnu paplasinasanos un nepareizaku formu, kas parasti
tiek noverots lietajos metalizstradajumos.

a b

3.8. att. Ultraskanas ehogrammu paraugi: a) ciesas, b) vajas sastiprinasanas gadijumos. Ar
bultam atspoguloti atstarojumi, kas atbilst 7,00 un 3,28 mm biezumam [54].

Videja merjjumu kliida parbauditajos paraugos bija 0,14 mm, kas ir augstas merjjumu
pienemamas precizitates raditajs [54]. Tadgjadi ultraskanas test€Sana apstiprinaja pastavigo
savienojumu, kas iegiits ar impulsa magnétisko lauku apspaides metodi un atbilst /SO
standartiem [94] ultraskanas kontrolei, principialu lietojamibu nesagraujosaja kontrolé. Tomer
metode ierobeZota ar to detalu parbaudi, kuras virsmas greizums pielava plakano parveidotaju
pozicion&Sanu. Petamas bukses atradas uz §1 nosacijuma robezas.

Radiografijas kontrole

Metalpulvera detalu savienojumu (bukSu) mehaniskas viengabalainibas novertgjuma
izpete pec apspaides impulsu magnétiskaja lauka tika veikta ar ierices X-ray apparatus
SMART EVO 200D of YXLON palidzibu (3.9. att.).
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3.9. att. X-ray SMART EVO 200D of YXLON izskats un izméri [101].
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Aparatam fokusa punkts ir 1,0 mm, starojuma jauda ar pastavigu potencialu 750W,
nodroSinot augstu razigumu, 1su ekspozicijas laiku un augstu izSkirtsp&ju. lerices tehniskie
raksturlielumi paraditi 3.1. tabula, principiala testéSanas shéma redzama 3.10. attela.

3.1. tabula
X-ray SMART EVO 200D tehniskie raksturlielumi

Svars 23 kg
Augstums 635 mm
Fokusa vietas izmérs 1.0 mm
Augstsprieguma uzstadisana 30 -200 kV
mA uzstadisana 0.5-6.0 mA
Maksimala x-ray jauda 750W
Radiacijas noplade Max. 2.0 mSv/h
Darba apstakli IP65

Darba temperatlras diapazons No -20 Iidz +50

7

;«i
.

gy |

Ly

=== t

3.10. att. Principiala radiografijas test€Sanas shéma [101].

1 — svina ekrans; 2 - filma; 3 un 4 — objekta un balsta punkta atzime; 5 — pret€ja starojuma indikators; 6 -
objekts; 7 — rentgena starojuma avots; f — attalums starp avotu un objektu; SFD — attalums no avota lidz filmai; t
— objekta biezums.

TestéSanas procedira tika veikta atbilstosi standartiem LVS EN ISO 17636-1:2013 [95].
CaurstaroSanas rezims tika uzstadits eksperimentali, izmantojot savienojuma paraugu bukse -
bukse. ReguléSana tika 1stenota, secigi apstarojot lielaka biezuma malas, kas péc tam pargaja
uz mazakam. Sakotngjais reZims tika aprékinats bronzas grafita materiala monolitajai
struktiirai. Cetri kontroles apstarojumi tika izpilditi ar laika intervala samazinajumu. Sakara ar
to tika atklata likumsakariba starp att€la aptumsoSanas koeficientu un ekspozicijas laiku, kas
vari€ja no 4 Iidz 6 reiz€m atkariba no apstarojama biezuma.

TesteSanas rezultati tika izanalizéti, vizuali nove€rojot rentgena filmas péc standarta
kimiskas apstrades. Rezultatu salidzinamibai tika atrasta aptuvena saistiba starp gamma
starojuma daudzumu vienam un tam paSam metalam monolita struktiira un pulvera struktura.
Filmu optiskais blivums svarstijas robezas 2,3-3,5.
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Filmas lava atklat savienojumu defektus abu tipu detalas. Tika iegtiti gan aplveida, gan ar1
aksialie spraugu veidi starp argjo un ieks$€jo dalu. 3.11. un 3.12. attela salidzinajuma paraditi
blivi (a) un vaji (b) buksu savienojumi no gala un no sana. Lai ieglitu skatu no saniem un
labak apgaismotu spraugas starp buksém, att€li tika uznemti aptuveni 30° lenki.

a b
3.11.att. Rentgena filmu paraugi ar blivas a) un vajas b) apspaides attelu [54]

a b
3.12. att. Rentgena filmu paraugi (skats no sana) ar blivas a) un vajas b) apspaides att€lu
[54].

P&c nesagraujosas kontroles bukses tika sagrieztas Skérsam asij, lai mikroskopiski
noverotu robezas starp iekS€jo un aréjo dalu. Blivakas un mazak blivas apspaides paraugi, kas
noved pie optiski redzamo spraugu atskirtbam starp ieks$€jo un ar€jo buksi un varié no nulles
lidz vairakiem desmitiem mikronu, ir paraditi 3.13. att€la. Stingras apspaides gadijuma
adhézija starp detalam notiek savstarpgjas mikrokristalu iespieSanas Iltmeni, nodroSinot
mehanisku viengabalainibu.
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a b

3.13. att. Suvju fragmentu paraugi ar blivu a) un vaju b) nopresésanu starp iek3gjo un
argjo buksi; bultas parada savienojuma robezu [54].

MetoZu salidzinajums

Izméginajumos abas nesagraujosas kontroles metodes uzradija vienadu jutibu, atskirot
detalas ar blivo un vajo apspaidi. AtSkiriba starp ultraskanas un rentgenografijas metodém
izriet no to fiziskajiem principiem, kad ultraskana atklaja mehanisku plisumu, kas novérsa
elastiga vilna izplatiSanos, un rentgena stari uzradija tukSumu materiala starp dalinam. Kas
attiecas uz perspektivo ripniecisko izmantojumu, ultraskanai ir priekSrocibas vienkarsaka un
nedarga aprikojuma dél, ka arl atras darbibas un datu interpretacijas atruma del.
Rentgenografijas metodes prieksrocibas ir bezkontaktu testéSana un vizualizacija.

Novertejot metalpulvera antifrikcijas bukses savienojuma kvalitati ar nesagraujosas
kontroles metodi, ta paradija gan ultraskanas, gan rentgenografijas metozu jutigumu, atklajot
blivu un vaju apspaidi. Standarta ultraskanas kontroles lietosanas sarezgTjumus savienojumos
bukse - bukse izraisija augstaks ultraskanas vajindjums pulverveida bronzas grafita
savienojuma salidzinot ar lieto metalu. Apspaide ar PMD palidzibu nodroSina blivu
savienojumu, kas vada ultraskanu bez trauc€jumiem un negener¢ atbalss reakciju 4 MHz
frekvence. Vaju sakaru apgabali tika atklati ka agrini ultraskanas atbalss signali, kas nak no
argjas dalas sieninas, un redzamas spraugas rentgena filmas. Abas metodes ir pietickami
perspektivas, lai tas ieviestu ripnieciski metalpulveru detalu apspaides kvalitates kontroles
nodroSinasanai.
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4. SEKUNDARO OPERACIJU PETIJUMI

4.1 Poraino metalpulvera detalu mehaniskas apstrades optimalo
parametru noteikSana

NepiecieSamiba paaugstinat PM 1pasibas stimulé dazadu papildus apstrades veidu izstradi
un pielieto$anu PM raZo$anas procesa fini§a. Sadas fini$a operacijas ir dazadi termiskas un
mehaniskas apstrades veidi, korozijaizsardziba, piesticinasana u.c. [40].

Daudzam konstrukcijas detalam, kas izgatavotas no pulveriem, nav nepiecieSama
mehaniska apstrade (MA), tacu virkné gadijumu, ipasi péc formas sarezgitu detalu
izgatavoSana vai ar augstam prasibam izmeru precizitaté, bez MA neiztikt. Visbiezak
sakepinatos pulverizstradajumus paklauj papildu apstradei, kalibr&jot un sagriezot.

Apstrade virpojot ir visizplatitakais metala grieSanas process, un tas ir augsti optimizets
process, kas prasa riipigu dazadu faktoru apsvérSanu virposana.

Sobrid vairs netiek ap3aubits fakts, ka atsevisku pulverdetalu virsmu, tadu ka s&Zas
virsmas, rievas, vitnes, maza diametra atveres un virkne citu lidzigu elementu, grieSanas
mehaniska apstrade ir visefektivaka formas veidoSanas metode. Turklat galgjas izmeru
precizitates sasniegSana, neizmantojot mehanisko apstradi, ne vienmér ir tehniski un
ekonomiski lietderiga, jo tas liek nepamatoti paaugstinat Stanc€Sanas aprikojuma darba
elementu precizitati un ierobeZot ta ekspluatacijas terminu sakara ar parmerigu nodilumu [6].
Vislabakie pulverizstradajumu izgatavoSanas tehnologiska procesa tehniski — ekonomiskie
raditaji tiek sasniegti, racionali kombingjot tehnologiskas operacijas.

Sistematiski apstradajamibas pétijumi, grieZot sakepinatus pulvera materialus (SPM), tiek
veikti kop§ pagajusa gadsimta 60. gadu vidus. Petijjumi atspoguloti A.Artamonova,
I.Armarego, B.Belkevi¢a, V.Kononenko un citu autoru darbos [4], [10], [74]. Sajos darbos
paradits, ka SPM ir zemaki apstradajamibas raditaji griezot gan grieSanas atruma, gan arl
griezgjinstrumentu izturibas zina neka analogiskiem p&c kimiska sastava karsti velmé&tiem
materialiem.

Apstrade griezot tiek veikta uz virpam, frézmasinam, urbSanas un citiem metalapstrades
darbgaldiem. Jebkur§ PM mehaniskas apstrades veids izraisa elastibas un plastisko
deformaciju, ko savukart pavada berze un siltuma izdaliSanas, virsmas slanu sablivésanas vai
sairSana. Poru klatbiitne pulverizstradajuma apgriitina ta apstradi ar grieSanu, pazemina
instrumentu izturibu, neskatoties uz to, ka grieSanas sp&ki porainu izstradajumu apstradé
parasti ir mazaki neka tadu pasu apstradg, tikai bez poram.

Raupjums biezi ir labs mehaniska komponenta raziguma raditajs, jo nelidzenumi uz
virsmas var veidot plaisu vai korozijas sakotngjas veidoSanas centrus.

Palielinoties porainibai, SPM izturibas 1pasibas pazeminas. Sakara ar to apstradajamiba ar
grieSanu nedaudz uzlabojas, jo pazeminas grieSanas spéks un attiecigi temperatiira apstrades
laika. Tomér atliku porainibas d&l grieSanas process SPM norit ar partraukumiem, kas
paatrina grieSanas instrumenta nodilumu [46]. Veicot griesanu, tiek izmantoti e]loSanas un
dzeseSanas Skidrumi, kas nonak izstradajuma poras. Sakara ar to péc mehaniskas apstrades
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nepiecieSama riipiga izstradajumu mazgaSana. V@l svarigaks Sis apstaklis ir tad, ja pirms
mehaniskas apstrades tiek veikta piesticinasana ar ellu, jo Tpasi antifrikcijas izstradajumiem.

Noteiktu ietekmi uz apstradajamibu, griezot SPM, nosaka sakotngjo pulveru pasibas.
Labaka apstradajamiba ir materialiem, kas izgatavoti no pulveriem ar mazako oksidu un
nemetala ieslégumu saturu, kam paaugstinata abraziva iedarbiba uz grieSanas instrumentu.
Konstatéts [73], ka apstradajot homogenus materialus, priekSroka dodama instrumentiem no
titana-volframa sakaus€jumiem un mineralkeramikas, bet apstradajot heterogénus, volframa
cietajiem sakaus€jumiem. Pieradita arT iesp€ja iegiit uzlabotu apstradajamibu ar grieSanu,
leg€jot SPM ar kalciju un kalciju-fosforu saturoSiem savienojumiem, kas sadalas
sakepinasanas stadija, veidojot aktivus reduc€josos elementus. Tadu materialu apstrades
kvalitate tika petita A.V. Skorikova disertacijas darba [82].

Darba [73] pétitas grieSanas reZima un griezna prieksgja lenka ietekmes likumsakaribas uz
galvenajiem skaidu veidosanas parametriem, virpojot SPM ar cietsakausgjuma instrumentu.

Pirms eksperimentu veikSana mehaniskaja apstrade tika noteikts Ipatngjo griesanas speku,
kontakta slodZu un spriegumu no grieSanas reZima, un grieSanas geometrijas atkaribu
raksturs. Izmantojot galigo elementu metodi (GEM), apskatitas siltuma plismas, lauki un
temperatiira uz instrumenta kontaktu virsmam un detalas virsmas slani. Veikti sprieguma
stavokla aprékini virsmas slani un ta porainiba.

Darba [82] SPM virpoSanai ar paaugstinatu porainibu tiek rekomend@éti sekojosi galvenie
grieSanas parametri: grieSanas atrums — 150 m/min; padeve — 0,1-0,3 mm; grieSanas dzilums
0,1-3,0 mm. Turklat tiek rekomend@ts griezna priek$€jo lenki izvEleties 25-28° robezas,
aizmugurgjo — 5-20°.

Tika veikti pétijumi par mazlegétu metalpulvera buk$u mehanisko apstradi ar mérki
noteikt optimalus apstrades parametrus un novertét apstradatas virsmas kvalitati.

Ka izméginajuma detala tika izmantota vagona sviras bremzu sisteémas antifrikcijas bukse,
kas izgatavota no materiala Fe-C-Cu. Bukse tika izgatavota no pulvermateriala, kas satur Ni
un Mo mazak par 0,3% un ir ar zemu fosfora saturu [37]. Kimiskais sastavs un ipaSibas
redzamas 4.1. tabula.

4.1. tabula

Eksperimentalas detalas kimiskais sastavs un materiala 1pasibas

Pulvera 1pasibas
Komponenti Plusta- Uzbéruma .
[masas dala, %] miba blivums Sablivejums
[s/50 g] [g/cm?] [gfem’]
Fe Ni Cu| Mo| S P C Kennolube
96,5 | 0,22 | 2,27 | 0,28 | 0,04 | 0,01 | 0,68 0,7 40 3,15 6,85

Griezéjinstruments

FiniSa apstrades operacija nodroSina visapmierinoSako apstradajamas detalas virsmas
raupjumu. Izveleta grieSanas plaksne paredzéta detalu grieSanai no materialu grupam ISO P
(terauds) un ISO M (nertisgjosais t€rauds). GrieSanas plaksnei kods ISO:VBMT 11 03 04-PF
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(4.1. att.). Metalpulvera buksi var apliikot ka M grupas materialu, un tapéc konkréta grieSanas
plaksne tika atzita par piem&rotu apstrades operacijam.

4.1. att. GrieSanas plaksne, kur RE — virsotnes radiuss 0,3969 mm; LE — griez€jskautnes
garums 11,0709 mm; /C — ievilkta apla diametrs 6,35 mm; S — plaksnes biezums 3,175 mm,
izmantota Sandvik Coromant® grieSanas plaksne [38].

Virsmas raupjuma parametri

Detalu formas veidoSanas procesa uz to virsmas paradas raupjums — virkne salidzinosi
mazu izméra mainigu izvirzijumu un iedobumu.

Masiu detalu virsmu raupjums atkarigs no daudziem faktoriem: apstrades metodes,
grieSanas rezimiem, geometriskiem parametriem un instrumenta grieSanas dalas virsmu
kvalitates, apstradajama materiala plastiskas un elastigas deformacijas, tehnologiskas sist€émas
stingribas (,,darbgalds — paligierice — instruments — sagatave”) un ar to saistitajam piespiedu
deformacijam, svarsttbam un vibracijam grieSanas laika, elloSanas un dzes€Sanas Skidruma
u.c.

Pirmie pétijumi par virsmas raupjuma prognozé$anu tika veikti tikai uz geometrisko
korelaciju pamata — grieSanas plaksnes geometrijas un tas parvietosanos gar sagatavi. Uz
geometrisko korelaciju pamata maksimalais virsmas profila raupjums Ramax var tikt noteikts,
izmantojot §adu vienadojumu [38]:

f2
Ramax = SRE' (4.1.)

kur /- padeve mm/apgriezi.; RE — virsotnes radiuss.

Raupjums var biit griezna vai cita griezgjinstrumenta atstatas pedas, formas vai Stances
negludumu kopija, var paradities ka grieSanas laika raduSas vibracijas sekas, ka arl citu
faktoru rezultata.

Vienadojumu (4.1) var izmantot tikai tad, ja grieSanas dzilums mazaks neka uzgala RE
radiuss.

Ja uzgala RE radiuss tiek ignoréts un griezgjSkautnes lenki nemti véra, tad virsmas Ramax
profila maksimalais raupjums tiek izteikts, izmantojot sekojosu vienadojumu [27]:

f

4(ctgp+ctgp,)’ (4.2)

Ramax =

kur @ - galvenais griez€jSkautnes lenkis, bet ¢1 — mazais griez€jSkautnes lenkis.

82



So vienadojumu var izmantot, ja grieSanas dzilums ir lielaks neka griesanas plaksnes RE
radiuss un tiek izmantotas lielas padeves. Tika nolemts izmantot virsmas raupjuma
trisdimensiju parametrus ka primaros parametrus un divdimensiju parametrus vai profila
raupjuma parametrus ka sekundaros parametrus.

Trisdimensiju virsmas raupjuma parametri noteikti standarta /SO 25178. Standarts definé
daudzus parametrus, tacu visplasak izmantojamais parametrs ir vid€jais aritmétiskais virsmas

augstums Sa (um), ko nosaka ar $adu vienadojumu [38]:

1

Sa = foAZ(x, y)dxdy 4.3)

kur
A - mérfjuma Skérsgriezuma laukums,
Z (x, y) - funkcija, kas att€lo virsmas augstumu attieciba pret montazas plakni vai cilindru.

Tika arT nolemts izmantot citu trisdimensiju virsmas raupjuma parametru Sg, kas nosaka
vid€jo kvadrata virsmas raupjumu. Turklat, Ra (vidgjais profila raupjums) tika izvelets ka
divdimensiju vai profila raupjuma parametrs.

GrieSanas parametri

GrieSanas reZimi tika izveleti grieSanas plakSnu raZotaja Sandvik Coromant piedavata
diapazona robeZzas. Sekojot grieSanas plakSnu raZotaja rekomendacijam, tika izveleti $adi
gludapstrades operacijas dati: grieSanas dzilums a — 0,5 mm; padeve f — 0,08 mm/apgriez. un
0,1 mm/apgriez.; grieSanas atrums v — 130 m/min un 150 m/min. GrieSanas un padeves
dzilums tika izveléts piedavata diapazona robezas, iznemot grieSanas atrumu. GrieSanas
atrums tika izvelets arpus piedavata diapazona robezam, jo grieSana tiks izpildita sausaja
reZima — neizmantojot dzeséSanas Skidrumu. DzeséSanas Skidruma izmantoSana var piesarnot
sagatavi sakara ar tas lielo porainibu. Izmantojot dzes€Sanas Skidrumu, nepiecieSama papildus
operacija (attiriSana), kas var palielinat izgatavoSanas izdevumus un ne vienmér nodroSina
apmierinoSu attiriSanu. Tapéc tika piepemts lémums neizmantot dzesé€Sanas Skidrumu un
attiecigi regul@t grieSanas atrumu.

GrieSanas dzilums saglabajas pastavigs, jo tas nenodroSina tadus pat adaptivos
raksturlielumus ka grieSanas atrums un padeve. P&c eksperimenta rezultatiem var tikt
izstradats prognozeéSanas matematiskais modelis. Nakamais modelis var tikt konfiguréts, lai
nodro$inatu adaptivo padeves un grieSanas atruma reguléSanu apstrades laika, kas nodroSina
nepiecieSamos virsmas raupjuma regul&jumus. Sarezgitak sasniegt adaptivos raksturlielumus
atkariba no grieSanas dziluma. GrieSanas dzilums ciesi saistits ar instrumenta trajektoriju, kas
ierobezo adaptivas izmainas apstrades procesa.

VirpoSanas apstrade tika veikta ar virpu Okuma L200 E-M (4.2. att.). Bukses virpoSanas
shéma redzama 4.3a. attela.
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4.2. att. Okuma L200 E-M.

Parbaudama metalpulvera bukse ir detala ar planam sieninam un mehaniskas apstrades
laika paklauta deformacijam (4.3. b att.), tapec tika izgatavota speciala paligierice (4.3. c att.),
kas izsleédza deformaciju detalas virpoSanas apstrades laika.
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4.3. att. a) bukses apstrades shéma; b) augsta spiediena d€l no ietveres puses deforméta bukse;
c¢) bukses uzstadiSana virpa, izmantojot specialo paligierici [38].

No teorijas [4] zinams, ka no grieSanas reZimiem visbutiskaka ietekme uz virsmas
raupjuma veidoSanas procesu ir padevei un grieSanas atrumam.

P&c izpéetes rezultatiem (4.2. tab.) var izdarit secinajumu, ka vislabakais virsmas raupjums
var tikt sasniegts, padevei ir 0,08 mm/apgriez. un grieSanas atrumam 130 m/min. Praktiski to
pasu rezultatu var sasniegt, palielinot grieSanas atrumu par 20 m/min, kas tad btis 150 m/min.
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Cita aina radisies, ja izmainis padevi. Kad padeve f tika izmainita, to palielinot no 0,08

mm/apgriez. lidz 0,1 mm/apgriez., virsmas raupjums palielinajas gandriz divkartigi. Var

secinat, ka padeves izmainas viena apgrieziena f (mm/apgriez.) ietekmé& pulvera detalu

virsmas raupjuma izmainas daudz vairak neka grieSanas atrums v.

4.2. tabula
GrieSanas optimalo parametru izvéle péc virsmas raupjuma mérfjumiem [38]
Eksperimenta Vidéjais Vidéjais Vidéjais GrieSanas Padeve f, GrieSanas
Nr. profila virsmas kvadrata dzilums a, mm/apriez. atrums v,
raupjums raupjums virsmas mm m/min
Ra, ym Sa, ym raupjums
Sq, ym
1. 0,74 1,62 2,73 0,5 0,1 130
2. 0,30 0,41 0,54 0,5 0,08 130
3. 0,57 0,74 0,91 0,5 0,1 150
4. 0,32 0,44 0,68 0,5 0,08 150

Pec grieSanas eksperimentu rezultatiem tika atzim@tas vairakas iezimes. Virsmas

raupjuma trisdimensiju parametri uzradija krasu virsmas raupjuma palielinaSanos. Tomeér

divdimensiju profila raupjuma parametrs neuzradija straujo palielindjumu. Paraugi tika

analizeti talak, un péc trisdimensiju virsmas raupjuma grafiska att€lojuma tika konstatéts, ka

1. eksperimenta paraugam ir daudz vairak virsmas defektu neka citiem paraugiem (4.4 b att.).

a

4.4. att. Trisdimensiju virsmas raupjuma grafiskais att€lojums a) 2. eksperimentam un b) 1.
eksperimentam [38].

ST neatbilstiba saistita ar to, ka divdimensiju profila raupjuma mérisana (Ra parametra

noteikSana) tiek veikta tikai viena rinda un raksturo tikai So Iiniju. Tadgadi, ja defekti

neatrodas uz izm@ramas linijas, tad tie tiek ignor@ti, sniedzot nepatiesu informaciju par

virsmu. Divdimensiju parametra Ra noteikSanas piemérs paradits 4.5. attela.

4.5. att. Ra profila vid€ja raupjuma noteikSanas piemers.
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Savukart trisdimensiju virsmas raupjuma parametri sevi ietver detalizétaku informaciju
par virsmu. Saja gadijuma tika nemti véra ari defekti un uzraditi realie virsmas raupjuma
raksturlielumi. Attiecigi — konkrétais eksperiments norada uz trisdimensiju virsmas raupjuma
mérfjumu nepiecieSamibu divdimensiju merfjumu vieta. Tapéc nozares, kur kvalitate nosaka
raZigumu, jaizmanto trisdimensiju virsmas raupjuma parametri.

Skaidas forma, ko ir €rti nonemt no tehnologiska aprikojuma darba zonas, paslaik ir
svarigs grieSanas procesa raksturlielums. Skaidas forma un izme@rs parasti ir atkarigs no
apstradajama materiala 1pasibam, ka arT no detalas grieSanas atruma un griezna padeves
dziluma (4.6. att.).

Rezultata tika izpétita skaidas morfologija pulvera detalu apstrades laika.

-
4.6. att. Skaidas morfologijas atkariba no atruma un padeves dziluma [100].

legiita skaida klasificéta ka diskréta vai segmenta skaida. So skaidu &rti savakt, apstradat
un izmantot. Geometriskie izmeri paraditi 4.7. attéla. Péc skaidas izp€tes un merijjumiem var
izdarit secinajumu, ka konkréta pulverdetalu apstrades procesa skaidas forma nerada papildus
sarezgljumus apstradei.

4.7. att. Skaidas morfologija, kur paradits 836 um platais skaidas segments, paredzamais
garums 1306 pm un kopgjais garums 2116 um. [38].
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Petijumi tika veikti ar mérki izpétit grieSanas parametru ietekmi uz virsmas raupjuma
parametriem, Tpasi uz trisdimensiju virsmas raupjuma parametriem, apstradajot pulverdetalas.

P&c petijumu rezultatiem no uzdota grieSanas parametru diapazona vislabakais virsmas
raupjums (Sa = 0,41 um) tika sasniegts, izmantojot $adus rezimus: grieSanas dzilums a =
0,5 mm, padeve e = 0,08 mm/apgriez. un grieSanas atrums v = 130 m/min [38].

Virsmas raupjuma mérijjumi ir pieradijusi, ka trisdimensiju virsmas raupjuma parametri
precizak raksturo izmérito virsmu neka divdimensiju profila raupjuma parametri, sniedzot
ticamakus datus par virsmu. Trisdimensiju virsmas raupjuma mérjjumus pulvera detalu
virsmu noveértéSanai péc apstrades ar grieSanu var rekomend@t ka galveno mériSanas metodi.

Skaidas morfologija nenorada ne uz kadam papildus problémam tehnologiska aprikojuma
iznemsSanai no darba zonas, un ta tika atzita par apmierinosSu visa grieSanas rezZimu diapazona.

4.2. Metalpulvera detalu antifrikcijas ipasibu paaugstinasana

4.2.1. Poraino pulvera detalu piesiicinasana

Berzei, nodilumam un elloSanai ir butiska ekonomiska nozime, jo Sie faktori nosaka
masinu un aprikojuma kalposanas laiku. Berzes un nodiluma blakusefekti, ka arT geometrijas
izmainas, vibracijas noved pie funkcionalitates zuduma, peksni sabojajoties vai pakapeniski
pasliktinoties tribologiskas sisteémas Tpasibam [50]. Jo Tpasi svarigi to nemt vera, izgatavojot
detalas dzelzcela transportam ar antifrikcijas uzdevumu.

Faktori, kas ietekm€& berzi un nodilumu, atkarigi ne tikai no materialu 1paSibam. Tie
atkarigi no daudziem citiem parametriem. Pat nelielas izmainas noteiktos apstaklos var butiski
ietekmét berzes koeficientu un metalpulvera detalu nodiluma pakapi. Sis izmainas attiecas uz
dalinu kontaktu izmainam, temperatiiras un apkartgjas vides relativa mitruma iedarbibu [22].
Svarigi faktori ir slidéSanas atruma, smeérvielu viskozitates ietekme un normala speka darbiba
elloSanas sisteémas.

Ellas darbibas efektivitate

No berzes adhézijas-deformacijas rakstura viedokla to rada, no vienas puses, adhézijas
mijiedarbibas speku un attiecigi sakaru tiltinu stipruma samazinaSanas, kas samazina
deformé&jamaja tilpuma attistoSos tangencialos spriegumus, ka ar pasa deform&jama tilpuma
lielumu. No otras puses, tas saistits ar pretestibas pazeminaSanos pret elastigo vai plastisko
parvietojumu vai, visbeidzot, ar planas virsmas kartas sagrauSanu un tas galigo lokalizaciju,
t.i., ar mehanisko 1paSibu gradienta palielinasanos. Ta atkariga no elloSanas materiala
Ipasibam, ta molekulu uzbiives, kimiska sastava, temperatiiras un virknes citu parametru, kas
saistiti sava starpa. Saja gadijuma elloSanas iedarbibu nosaka ne tikai no arpuses ievesta
elloSanas materiala TpaSibas, bet ari ta mijiedarbiba ar cieta kermena virsmu un cietajam
virsmam sava starpa [40]. Tapec elloSanas materiala izvéle nedrikst biit nejausa rakstura un tai
janotiek, nemot véra kontaktkermenu materialu, ta termoapstradi, mikrogeometriju un citus
projektéjamo masinu mezglu berzes virsmu konstrukcijas un tehnologiskos parametrus.
Materialu virsmas Ipasibu domingjo$a nozime klist 1pasi redzama gadijumos, kad cieto
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kermenu slidésana tiek veikta robezelloSanas apstaklos. Berzes koeficients robezelloSanas
apstaklos var tikt att€lots ka attieciba [64]:

T

f=a-c_3T+(1—a)-C’f—a";, (4.4)

kur o — kontakta laukuma dala, kura notiek divu cietu kermenu tie$s kontakts; — 7, berzes
virsmu materiala bides pretestiba; — 7., elloSanas materiala pléves bides pretestiba; — or
berzes kermenu materiala plustamibas robezas vidgja vértiba; C — kontakta formas
koeficients.

Sakariba (4.4) nenem véra berzes deformacijas komponenti, kas pazemina tas praktisko
vertibu. Tom@r dazos gadijumos ta lauj izskaidrot, bet dazreiz ar1 pateikt prieksa cietu
kermenu berzes koeficienta izmainu raksturu robezelloSanas apstaklos.

Lai nodrosSinatu Iidzigu berzes mezglu un mehanismu ellosanu, tiek izmantoti cietie
elloSanas materiali, ko var iedalit sekojosas grupas:

1. Neorganiskas vielas:

- slanaini (ugunsizturigi metala (molibdéna, volframa, niobija grafits, fluoréts grafits, bora
nitrids, talks, vizla u.c.) dihalogenidi;

- neslanaini (hloridi, fluoridi, metalu jodidi, metalu oksidi, mikstie metali Pb, Sn, Cd, Jn,
Ga, Ag, Al un citi).

2. Organiskie polim&ru materiali:

- fluora polimeri, poliamidi, polietiléns un citi [40], [62].

Interesi par iesp€jam samazinat berzes koeficientu un antifrikcijas pulvera bukSu
nodilumu veicina globala tendence un tieksme péc ekologiskas un ekonomiskas optimizacijas,
1zstradajot antifrikcijas materialus.

Dzelzcela transporta bremzu iekartas metalpulvera bukses visbiezak tiek izmantotas
bremzu sviru sist€émas, kur grieSanas atrumi salidzinosi nelieli. Tomér berzes koeficients ir
svarigs, jo ietekm€ bukses nodilumu, ka arT citus ar BSP stabilu darbu saistitus faktorus [36].

Lai nodrosinatu paselloSanas efektu, bukses tiek piesticinatas ar hidraulisko ellu ar vai bez
modificgjosam piedevam. Tadejadi jau kustibas sakuma starp varpstu un gultni ir ellas pléve,
kas rada labveéligus darba apstaklus. Palielinoties slidéSanas atrumam hidrodinamiska
spiediena del, ella tiek iespiesta porainaja materiala, tapéc konkrétaja gadijuma netiks
noverots izteikts ellas kilis, kas rodas lietos rites gultnos. Pie maziem grieSanas atrumiem
porainie dzelzs - grafita gultni, kuriem ir ierobezotas ellas rezerves, var darboties paselloSanas
reZima pietiekami ilgi. [60].

Starp popularakajam modific€joSajam piedevam ir karbidi, boridi, metalu oksidi.
Vislielakais pielietojums ticis atrasts oglekla materialiem (oglekla nanocaurulém, fulleréniem
un ultradispersam dimanta - grafita kompozicijam). Darba [42] apskatita tribologisko 1pasibu
paaugstinaSanas metode, izmantojot gultnu smeérvielas, kuras aktivétas ar nanoizméra dimanta
- grafita piedevam. Praktiskam pielietojumam visbiezak tiek izmantota materiala apstrade
dispersa vide (ellas suspensijas), ilgstosi iegremdgjot. Tas nodroSina raupjuma mazinasanos,
skidro ellosanas materialu tribologisko 1pasibu stabilitates paaugstinasanos.
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4.2.2. Dispersa vide un dispersie komponenti

Dispersie komponenti naftas smérellas péc to raSanas formas var tikt iedaliti tris
galvenajos veidos:

1. dispersie komponenti, ko genere berzes un ellas oksidé$anas procesa (nodiluma
dalinas: metala, oksidu; parafini un cerezini, kas izkristalizeti, pazeminot
temperatiiru; kvépu, pelnu, laku dalinas; gazu puslisi, kas izveidojusies mezgla un
no mezgla komponentiem utt.

2. dispersie komponenti, kas nonak berzes mezgla dabiska veida no arpuses vielas un
energijas apmainas laika ar argjo vidi (putekli, smiltis, gumijas dalinas
(sablivéjumu nodiluma gadijuma); fidens vai cita $kidruma dalinas, kas nejausi
nonak sisteéma; gazu puslisi; mikroorganismi);

3. dispersie komponenti, kas mérktiecigi tieck pievienoti berzes mezgla, lai uzlabotu
elloSanas materialu tribotehniskas 1paSibas (cieto smérvielu, metalu, binaro
sakaus€jumu dalinas utt.) [63].

Naftas smérellu izturéSanas ekspluatacija galvenokart atkariga no to kimiska sastava un
darba apstakliem (temperatiira, spiediens, gaisa skabekla darbiba u.c.).

Pareiza komponentu attieciba ellas praktiski nosaka to ekspluatacijas paSibas. Svarigs
disperso komponentu, ko var saturét naftas smérellas, paveids ir tajos mérktiecigi ievaditas
augstas dispersijas piedevas, kas sastav no metalu un sakaus€jumu dalinam, cietajam
smérvielam un citam vielam.

[.Korogodskis, apskatot nodiluma dispersas dalinas (piestrades laika), nosaciti iedalija tas
divas grupas:

1. grupa — liela izméra cietas dalinas (virs 5p), kas jaaizvac no smérellas;

2. grupa — sasmalcinajusas mikstas dalinas un sikas dalinas, kam ella jasaglabajas, jo tam

ir pozitivs efekts.

Otras grupas disperso dalinu ietekmes pakape uz berzes paru piestrades un nodiluma
intensitati ir atkariga no to koncentracijas ella. Peéc [.Korogodska datiem, optimala ir 2,5%
koncentracija. Turklat augstas dispersijas dalinas izpilda sekojosas, pec I.Korogodska domam,
svarigas funkcijas [63]:

a) aizpilda un aizSpaktelé mikroiedobumus, adsorb&joties uz berzes virsmam sienas slana

molekulu brivo saiSu dél, palielina faktiska kontakta laukumu, bet attiecigi samazina

Ipatngjo spiedienu sasaiste;

b) stingri adsorb&jas uz mikroizcilniem un paaugstina smérellas adhézijas sp&ju, kas

noved pie straujas elloSanas pléves plisumu un pilnigas pazuSanas gadijumu

samazinasanas, ka arT berzes virsmu kontakta punktu samazinasanas robeZnosacijumos,
veicinot saistiSanas un ieravumu gadijumu skaita samazinasanos piestrades procesa;

c) paaugstina elloSanas pléves nestsp&ju un sakara ar smérellas daudzmolekularo slanu

veidoSanos rada iesp&ju berzes virsmu relativai kustibai smervielas materiala sienas slanu,

kam kvazicieta korpusa 1pasibas un zems berzes koeficients, nobides un slideésanas dél;

d) nodro$ina visplanako virsmas slanu plastificé$anu, smalku dispergé$anu un izvirzito

mikronegludumu izlidzinaSanu, pateicoties smérella esoSo virsmas aktivo vielu

iekilgjosajai darbibai.
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Palielinoties spiedienam, dalinu konglomerati peptizgjas, palielinot savu dispersitati. Sis
dalinas péc lieluma ir mazakas par ellas pléves biezumu un neiedarbojas abrazivi uz berzes
virsmam, lidz noteiktam robezam aizkav€jot masinu un mehanismu detalu berzes virsmu
kontakta rasanos.

Visplasako izplatibu ieguvusi naftas smérellas ievadamie dispersie komponenti no grafita
un molibdéna disulfida dalinam. Grafits ir diamagnétisks, tam ir se$stira rezga struktiira un
anizotropiska elektriska vaditsp€ja, kas ir 25 reizes lielaka seSsttira ass virziena neka kristala
rezga galvenaja plakng. Grafitam ir loti augsta kimiska stabilitate un tas ir praktiski inerts pret
radioaktivo starojumu [12].

Molibdéna disulfidam MoS> (molibdenits) piemit slanaina struktiira un tas kristaliz&jas
seSstiira sisteéma ar trigonalo simetriju. Ta cietiba péc Moosa skalas ir 1,0 — 1,5 un jau vairak
ka 50 gadus tas tiek izmantots ka cietais e]loSanas materials. Molibdéna disulfidam piemit loti
augsta kimiska stabilitate, tas ir izturigs pret lielako dalu skabju un nav jutigs pret radioaktivo
starojumu. Molibdéna disulfida elloSanas darbiba, tapat ka grafitam, ir balstits uz ta
kristalisko strukttru [28].

Porainibas esamiba pulvera detalas veicina difiizijas intensifikaciju; lietajos materialos
ievadamais elements izkliedgjas dziluma pa graudiem un starpgraudu robezam, savukart
porainajos pulvera materialos diflizija norit pa visu dalinu virsmu, ka shematiski paradits 4.8.
attela [68].
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4.8.att. Piesatinajuma shéma: a) — bez poram; b) — porains pulvera materials.

Naftas ellas un dispersijas komponentu izvele

Eksperimentalajiem pétijumiem ka dispersijas vide izvéleta ella MS-20. Stabilitati pret
MS-20 ellas oksidéSanu uzglabasanas laika uztur ievérojams daudzums dabisko inhibitoru, ko
ievirzes eksperimentalo pétijumu tiribas paaugstinasanos. Péc fizikali — kimiskajiem
raditajiem MS-20 jaatbilst prasibam un normam, kadas noraditas 4.3. tabula [63].
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4.3. tabula
Ellas MS-20 fizikali-kimiskie raditaji

Raditaja nosaukums Vertiba

Kinematiska viskozitate 100° C, mm?/s. (cSt), ne mazak 20,05
Viskozitates indekss, ne mazak 80
Koksé&jamiba, %, ne vairak 0,29

Pelanainiba, %, ne vairak 0,003
UzliesmoS$anas temperatira °C, ne zemak 265
SastingSanas temperatira, ne augstak -18
Termooksidacijas stabilitate 250° C, ne mazak 18

Blivums 20° C, g/cm? ne vairak 0,897

Smerellas paradoties stkam dispersam dalinam (turpmak tiek izmantots jédziens dispersa
faze), notiek dispersu sistemu veidosanas, kuru viskozitate atskiras no dispersas vides (ellas)
viskozitates.

Neorganiskie slanainie cietie smérvielu materiali (MoS,, MoSe;, WS> WSe» u.c.)
saglaba ekspluatacijas Tpasibas plasa temperatiiru diapazona no -100°C lidz +1000°C, kas spgj
izturét galgji augstu kontaktu spiedienu, kas ir salidzinams ar augstas stipribas teraudu
plustamibas robezu, ir stabili vakuuma, agresivas un inertas videés. Dihalkogenidu adhgzija
pret metalu virsmu ir tik liela, ka pietiek ar nelielu kontaktu spiedienu (0,4-0,5 MPa) ar
relativo nobidi, lai smervielas dalinas savienotos ar virsmu, veidojot kop&u plevi [64].
SaspieSanas laika ar nobidi cieto sm&rvielu materialu dalinas sasaistas ar cieta kermena mikro
nelidzenumiem un orient€jas ar bazes plakném paral€li virsmai. Dazu slanaino cieto materialu
fizikali — mehaniskas 1pasibas paraditas 4.4. tabula.

4.4. tabula
Dazu slanaino cieto materialu fizikali — mehaniskas 1pasibas [61].
Raditajs Dabigs MoS; ws; MoSe; | WSe; | NbSe; | BN
grafits
g} a 1,42 3,16 3,187 3,28 3,29 3,439 2,5
>§ =
© @
% g c 3,35 12,29 12,525 12,97 12,97 12,188 5
® o
:“z; Q
© cla 24 3,9 3,92 3,92 3,94 7,32 5
Blivums kg/cm? 2100 4700 7400 6900 9220 6250 22
Moosa cietiba 1,0...1,5 1...2 1,0 - - - 1,0
Elastibas modulis 5050 8500 ) ) ) ) 298
MPa
Oksideésanas 400 | 350...400 500 400 | 350 | 350 | 700
temperatira C
Sadallsgnas . 3500 1000...1390 1300...1590 ) ) ) 300
temperatara C (vakuuma) (vakuuma)
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4.2.3. Berzes koeficienta samazinasanas pétijumi

Berzes koeficienta samazinasanai tika veikti p&tijumi sakepinatu porainu metalpulvera
detalu (slidbukses) piesatinasanai ar nanodalinam. P&tijumi tika veikti uz buksém, ko izmanto
vagona bremzu sviru sistéma un kas izgatavoti no materiala, kura pamata dzelzs — grafits —
vars.

Ka dispersa vide tika izmantota ella MS-20, ka dispersas piedevas — volframa
dihalkogenidu pulveri - disulfida WS> un diselenida WSe:.

Bukses no konkréta sakausgjuma tika izgatavotas ar pulvera metalurgijas metodi,
izgatavoSanai tika izmantots daudzkomponentu pulveru maisijums AHC100.29 + 2,27 % Cu
+ 0.22 % Ni + C [37]. Geometriskie izméri un fizikali — mehaniskas materiala 1pasibas
redzamas 4.5. tabula. BukSu mikrostrukttira un ar&jais izskats redzami 4.9. attela.

4.5. tabula
Fizikalas un mehaniskas materiala (AHC100.29 + 2,27 % Cu + 0.22 % Ni + C) 1pasibas

Parametri Vertibas
Blivums, g/cm? 6,0-6,4
Atklata porainiba, % 10-19
Cietiba HB, ne mazak par 900
Stipribas robeza radiala saspie$ana, MPa ne mazak par 470
Mikrostruktara Perlits, sulfidi, poras

a b
4.9. att. a) bukSu mikrostruktiira un b) argjais izskats [53].

P&tijuma gaita bukses tika piesiicinatas ar ellu MS-20, ka ar1 ar to paSu ellu ar disulfida
nanodalinu piedevam — WS; un volframa diselenida piedevam — WSe:.

Volframa disulfida nanodalinam ir sfériska forma ar diametru 30-50 nm (4.10. a att.),
savukart volframa diselenida dalinam ir plakana forma ar vidgjiem izmeriem 5 nm X 70 nm,
(4.19. b att.) [56; 57].
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4.10. att. TEM mikrografija a) ar WS2, un b) WSe> nanodalinam [53].

Ar ellu MS-20, MS-20+WS,, MS20+WSe; piesiicinato paraugu tribologiska testésana tika
veikta berzes apstaklos part ar gultnu te€raudu pie slodzes 210 N un grieSanas atruma 200
apgriez./min.

Izméginajumi tika veikti, izmantojot frikciju masinu PBD-4(0. Parbaudama materiala
cilindriskais paraugs 10 mm diametra tika saspiests frikciju masinas darbvarpsta. Tribologiska
testa shéma paradita 4.11. attéla. Izméginajuma bukse tika ievietota zem parauga un
nostiprinata speciala spailé uz grozamas pamatnes, kas no pagrieSanas tika atturta ar metala
vadu, kas nostiprinats uz tenzodevéja. Papildu parbaudes paplasinata temperattiras diapazona
tika veiktas izmantojot iekartu materialu tribologisko ipasibu novértéSanai (LV Patents
Nr.15225, 7. Pielikums) [45], [79].

N=210N
n = 200 apgriez./min

4.11. att. Tribologiska testa shéma.

Paraugi tika paklauti kontaktam ar normalu slodzi 210 N. Turpingjuma tika sakts
darbvarpstas grieSanas process ar cilindrisko paraugu, rotacijas frekvence 200 apgriez./min.
Viena testa laiks 1000 s.

Rotacijas berzes momenta atkariba no laika, ar ellu MS-20 piesticinatam buksém, ka ar1
elloSanas kompozicijam paradita 4.12. atte€la. Visos gadijumos deformacija rodas otraja
eksperimenta sekund€, berzes moments vienads ar 0,12-0,1 nm visam elloSanas
kompozicijam. Berzes momentu un laika intervalu identiskums Iidz deformacijai var but
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saistits ar berzes sakotn&jo nosacijumu identiskumu, kas izteikti, galvenokart, poru parseguma
ar noteikta biezuma oksidu plévém.

s — ol MS-Z20
M5-20+4% WSe,
MS-20+4% W5,

Berzes momen ts, nm
5

ey

] T L] ] £00 Eei] & et Euil L 1000 (L] 128

Laiks, 5.

4.12. att. Berzes momenta atkariba no laika, izméginot ar ellu MS-20 un elloSanas
kompozicijam, ar 4% WSe; un 4% WS2,, piesiicinatus paraugus [53].

Grafiks 4.12. attela parada, ka berzes momenta atkaribai no laika, buksém kas
piesticinatas ar ellu MS-20 un elloSanas kompoziciju ar WSe;, ir “l€cieni” berzes momenta,
kas var bt saistiti ar kontaktu un oksida plévju sairSanu. Velak pec smérellas izspieSanas no
poram griezes momenta svarstibas samazinas. Ta ka nominalais kontakta laukums ir mainigs,
berzes procesa piedalas jauni apgabali ar oksidu plévém, kuras ari sairst, atverot celu
smeérellai uz virsmam.

Testgjot paraugus ar elloSanas kompoziciju izmantojumu, péc berzes notiek krasa berzes
momenta pazeminasanas dél elloSanas kompozicijas izspieSanas uz berzes virsmas un
nanodalinu, kas ievaditas elloSanas kompozicijas, mijiedarbibas ar berzes virsmu. Vidégji
berzes moments bija vienads ar = 0,056 N-m un = 0,067 N-m ellam, kas modificetas attiecigi
ar volframa disulfida un diselenida nanodalinam [53].

Visstabilako berzes momentu uzradija bukses, kas piesiicinatas ar elloSanas kompoziciju
MS-20 + 4% WS, Var atzimét, ka elloSanas kompozicijai, kas satur sfériskas volframa
disulfida nanodalinas, berzes sakuma momenta raksturigie ar oksida pléves sairSanu saistitie
»lécieni” neparadas. Tas var biit saistits, no vienas puses, ar nelielu oksida pléves biezumu, no
otras — sakara ar elloSanas kompozicijas izplatiSanos, kas izstumta lokala iecirkni pa oksida
pléves virsmu, kas vél nebija sairusi, bet nonak kontakta. Saja gadijuma ievadamo dalinu
sferiska forma var veicinat stabilakus antifrikcijas raditajus.

Balstoties uz veiktajiem pétijumiem, autors secinajis sekojoSo:

Bukses, kas piesiicinatas ar elloSanas kompoziciju MS-20 + 4% WSe; un MS-20+ 4%
WS, vidgjais berzes moments samazinas attiecigi par =~ 53% un = 44% salidzindjuma ar
buksém, kas piesiicinatas ar ellu MS-20 [53].

Visstabilako berzes momentu uzradija bukses, kas piesiicinatas ar elloSanas kompoziciju
MS-20+ 4% WSo.
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SECINAJUMI

Balstoties uz promocijas darba veiktajiem eksperimentalajiem p&tijumiem un iegiitajiem
rezultatiem, autors ir sniedzis detalizétu tehnologiska procesa, ka arT saspieSanas parametru un
eksperimentalo paraugu izgatavoSanai nepiecieSamo pulverdetalu sakepinaSanas aprakstu.
Balstoties uz pétjjumiem ar eksperimentalajam detalam, tika paraditas mazlegéta pulvera uz
dzelzs bazes (Fe-C-Cu ar leg€joso elementu saturu 0,22 % Ni, 0,28 % Mo) prieksrocibas
vagona bremzu sviru sist€tmas bukSu razoSanai. P&c nesagraujosas kontroles pétijumu
rezultatiem tika noteiktas sakepinato poraino pulvera materialu test€Sanas 1patnibas.
Parbaudot metalpulvera detalu kvalitati ar ultraskanu, test€Sanas rezultati pieradija S$is
metodes sp&ju atklat pulvera detalu plaisas un nevienlaidibas. Radiografijas izpéte kopa ar
ultraskanas metodi precizi nosaka buksu savienojuma kvalitati.

Darba noteiktas statiski dinamiskas, hibrida pulverdetalu preséSanas metodes lietoSanas
perspektivas, izmantojot elektromagnétisko lauku.

Saskana ar porainu pulverdetalu grieSanas eksperimentu rezultatiem tika noteikti optimalie
reZimi, kas nodroSina vienmérigu apstradajamas detalas virsmas raupjumu. Tika secinats, ka
padeves atruma izmainas iespaido pulverdetalu virsmas raupjuma izmainas daudz vairak neka
grieSanas atrums.

P&c pétijumu rezultatiem uz eksperimentalajam buksém, kas piesticinatas ar elloSanas
kompoziciju MS-20 + 4% WSez un MS-20 + 4% WS,, vidgjais berzes moments samazinas
attiecigi par =53% un =~44% salidzinot ar buksém, kas piesticinatas ar ellu MS-20 bez
ievadamam dalinam. P&tijumi paradija, ka volframa disulfida dalinu sferiska forma veicina
noturigakus antifrikcijas raditajus un nodroSina stabilaku frikciju mezgla darbu, praktiski
apejot berzes para piestrades stadiju, kas nav mazsvarigs faktors, izmantojot konkréto
tehnologiju ritosa sastava bremzu sviru sistémas antifrikcijas bukses.

Tika atrisinati promocijas darba uzdevumi:

1) izpétita metalpulvera detalu razosanas tehnologija, preséSanas un sakepinasanas
tehnologiskie parametri, pulvera ipasibas un legg€joso elementu ietekme uz
izgatavojamo detalu izturibu un drosibu;

2) noteikti kriteériji metalpulvera materialu izmantoSanai dzelzcela transporta;

3) veikti pétijumi ar eksperimentalam detalam, kas pierada mazlegéta pulveru
maisijuma uz Fe-C-Cu bazes ar zemu leggjoso elementu saturu piemérotibu
izmantoSanai ritosa sastava bremzu sviru parvada antifrikcijas slidbuksu razoSana;

4) paraditas metalpulvera detalu hibridas preséSanas metodes perspektivas, noteikti
preséSanas parametri, izmantojot elektromagnétisko lauku;

5) noteiktas Tpatnibas un nesagraujosas kontroles — ultraskanas un radiografijas
panémienu — piemeérotiba izmantoSanai poraino metalpulvera detalu kvalitates
kontrolei;

6) veikti poraino metalpulvera slidbukses mehaniskas apstrades petijumi un izstradata
So detalu mehaniskas apstrades metodologija, balstoties uz apstradatas detalas
raupjuma pakapem;

7) balstoties uz promocijas darba veiktajiem eksperimentiem, piedavata metode
antifrikcijas metalpulvera detalu piesiicinaSanai ar ellas emulsiju saturoS§am WS,
WSe: nanodalinam, berzes koeficienta samazinaSanai un tribotehnisko 1pasibu
paaugstinasanai.
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Abstract

Logistics strategy in railway transport provides for a comprehensive solution of four tasks: technical, technological, economic
and management. At the same time the technical task is one of the most important, because it ensures reliability of the equipment,
an uninterrupted delivery of goods, a reduction of the idle time of locomotives and wagons, which in turn depends on the quality
of the repair and the parts used. In the article the main tendencies in field of application of modern metal-ceramic materials for
production, repair and operation of railway transport equipment are considered, modern directions in powder technologies and
applied materials are shown, as well as possibilities of increasing reliability and safety of used powder parts. The basic properties
and advantages of parts from powder materials are estimated. The possibilities of using powder details in various units of rolling
stock are shown, as more reliable, safe and economically profitable. Among them: metal-powder slide bearings based on iron-
copper, the main advantage of which is the presence of residual porosity, which contributes to the formation of a stable oil film in
the bearing; bushings of valves of diesel motors, gears of oil and water pumps possessing high wear resistance; friction discs and
brake pads designed to work in brakes and friction clutches in conditions of dry and liquid friction.
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1. Introduction

In order to achieve utmost efficiency and safety when transporting cargoes, one must constantly look for and
implement innovations. It applies also to technical field, mainly — mechanisms of the rolling stock. Innovative
directions include also application of recent technologies of powder metallurgy (PM) to manufacture key parts and
assemblies.

PM includes certain set of production methods of metal powder and composites and also production of parts from
these materials. This type of part production has several advantages, giving a competitive advantage in the market,
often more expensive methods of metal processing (casting, smiting and compaction). Some advantages to mention
are cost-effective production, diversity of geometric shapes, high accuracy of detail dimensions, almost no post-
processing and consequently low percent of material leftovers [1, 2].

Specifics of railway transport (RT) calls for a need to ensure high reliability of assemblies and parts, work under
conditions of high unit load and significant temperature fluctuations. Metal-powder parts intended for RT commonly
have a larger mass and dimensions than those used in other industries. They can be put into several main groups:
structural, antifrictional, frictional, electrotechnical.

Structural parts are commonly made of iron-based materials with added black-lead, brass, nickel and
molybdenum with density of 6-7 g/cm3 and hardness of 55...100 HRB (55...130 HBS). Attainable purity of the
surface — Ra 2.5, and dimensional accuracy — 7-8 quality class. Gears of water and oil pumps, distance bushings
are some of them (see Fig. 1 and Fig. 2) [3].

Fig. 1. Iron-based structural parts: (a) gears of water pump of an engine; (b) distance bushing of brakes.

Other group of structural parts is comprised of brass-based parts with added iron. Their density is considerably
higher (7.9....8.7 g/cm3), and hardness exceeds 45 HBS. Attainable dimensional accuracy — 10 quality glass, and
purity of the surface — Ra=3.2.

Fig. 2. Iron-based structural parts: (a) rings; (b) bushings.

Bushings of plain friction bearings are most common in RT from the range of antifrictional materials. Their
application allows reducing oil consumption, replacing of expensive bronze and babbit in the iron-copper powder
material and increasing wear-resistance due to self-lubrication. Antifrictional properties are enhanced by adding
black-lead and similar components, which has high self-lubrication properties [4]. A wider group is comprised of
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frictional parts for locomotives and wagons (see Fig. 3). They are manufactured as discs, links and hobs from iron
and copper-based materials intended for brake assemblies, friction clutches and other devices working under dry and
liquid friction conditions. Such parts are manufactured by compaction in hydraulic presses with an increased work
load of 20,000 kN. Agglomeration is performed in electric shaft-type furnaces in a hydrogen atmosphere where
temperatures reach even +1050°C. [5]. Powder friction materials (PFM) stand out with a high efficiency and
reliability under heavy-duty loads and virtually under any weather conditions. Useful life of PFM is 3 times more
than other friction materials, and level of wear of counterface is from 1/3 to 1/10 of other materials. Heat cracks and
burns are reported much more seldom. Due to the high heat resistance PFM can be used in temperatures between
800-1000°C.

Japanese railways widely use different brass and iron-based parts, partially for arrangement of electric overhead
wiring: adjustable slides, side bearings etc. (see Fig. 3). For example, known material FINE SINTER [6].

eo@ﬁ I

Fig. 3. Copper and iron-based details: (a) frictional; (b) electrocontact.

Manufacture of PFM based parts has recently seen an especially rapid development in China. Rapid development
of Chinese economy and more intense competition in the transport market have increased requirements towards
railway transport industry in China. General increase of speed in the main railway lines demands more stringent
requirements regarding using of friction materials for high-speed trains, with a great emphasis of reliability and high
thermal stability. It is produced by using a method of powder metallurgy where composite material is produced from
metals and non-metals with high friction factor [7, §].

Powders used for manufacture of parts must have certain properties that influence their producibility. It is related
to high pour density (to ensure increased body mass and density), flow ability (to quickly fill the mould when
pressing) and high plasticity (to ensure maximum densities). Therefore, it must be noted that due to proneness of
spontaneous ignition of powders, this dangerous production factor requires more scrupulous compliance with the
labour safety techniques. The major manufacturer of iron powders worldwide is Swiss company Hoganas AB [9].

In Russia, after 2009, a stable railway powder production was manufactured at industrial scale only at the
machine building centre “CCM-Tyazhmash”, PJSC “Severstal” [10]. For more than 25 years it has produced air
dispersion metal powders on the basis of method RZ — process (see Fig 4a). The powder enhances durability of raw
compacted materials in comparison to water sprayed materials and high compactibility in comparison to renewable
powder.

Fig. 4. Microphoto of dispersed powder: MXBP (rus) produced by (a) PA Serversal; (b) articles made from it.
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It is made of blast furnace iron by means of dispersion, differs in chemical purity and high compactability (up to
7.20 g/cm” at pressure 700 MPa), which ensures higher durability of raw press until 25 MPa if sample density is 6.5
kg/ecm’. In order to produce articles from powder for RT, hydraulic press with high capacity, rolling and slip casting
are used. Articles obtained in a press have poor structural performance, therefore they need to be thermally
processed and finished with agglomeration of powders [11]. When melted, metal particles form strong interatomic
bonds, making the part homogeneous. Noteworthy, that often compaction and agglomeration are combined into a
single operation — hot compaction:

Increase in masses of parts (up to 5 kg and more)

Increase in dimensions of parts (up to 200 mm and more)

Increase in density (for high density parts) and porosity (for highly porous articles)
Wider operational temperature range (from -40 to +50 °C)

More complicated geometry of parts

Improved tribological characteristics

Reduced prime cost of parts

2. Materials and methods

In the Laboratory of Powder Materials of Riga Technical University, considering aforesaid trends, a research is
conduced to develop a technology of producing highly porous self-lubricating slide bushings [12]. General type of
experimental samples is presented in Fig. 5.

Fig. 5. (a) Experimental Fe-C-Cu based bushings; (b) Microstructure of a Fe-C-Cu sintered part.

Use of low-alloyed iron-copper-black lead-based powder material. The chemical content and properties are given
in Table 1.

Table 1. Chemical content and properties of material of the AB.

Chemical content (weight %) Properties
Apparent
Fe Ni Cu Mo S P C Kennolube [Ssogv 1 density Com[pr/ecis];ljnhty
5 [gem] £
96.5 022 227 028 0.04 001 0.68 0.7 40 3.15 6.85

In order to produce long components with length and diameter ratio 1:5, a method of combining statistic-dynamic
compaction was developed, combining presswaging with electromagnetic impulses applied to the powder in
thinwalled metallic sheath followed by drawing [13, 14]. In order to remove tribological properties of slide
bushings, a technology was developed where one introduces tungsten disulfide nanoparticles in the article. In the
[15] study, the bushings were impregnated with transmission oil of Russian grade MS-20, as well as the same oil
with additions of tungsten disulfide WS2 and diselenide WSe2 nanoparticles. Tribological testing of the product was
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provided. Sintered bushings impregnated with commercial oil and with suspension of nanoparticles were tested in
the spinning friction conditions in the couple with bearing steel at the load of 210 N and spinning rate of 200 rpm.

3. Results and discussion

As the experiments showed, the use of combined methods of static-dynamic compaction helps to increase density
of a powder material. For products of small height the method of compaction of a powder in a rigid die with
imposition of electromagnetic pulses is most convenient. With step-type compaction the quality of the obtained
product depends on many factors: density of prior filling of the powder into the tube, magnitude of angle of the draw
die, plasticity of the material and properties of the powder.

Sintered bushings impregnated with commercial oil and with suspension of nanoparticles were tested in the
spinning friction conditions in the couple with bearing steel at the load of 210 N and spinning rate of 200 rpm.W Se2
and MS-20 + 4% WS2, the average frictional torque decreases by =53% and ~44% respectively in comparison with
the bushings impregnated with MS-20 lubricating oil. The most stable moment of friction was shown by bushings
impregnated with lubricating composition MS-20 + 4% WS2.

4. Conclusion

We can assume that in the near future, interest to the static and dynamic methods of compaction of powder
materials, especially ceramic powder, will increase. Research authors demonstrated that, when applying PM
technology, partially to produce slide bushings for the rolling stock, there are several methods allowing to increase
reliability and durability of details and consequently, provide the necessary level of safety in using similar parts in
key assemblies of machines in railway transport.
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Abstract. The increasing freight volumes and the speed of transport, as well as increasing
demands with regard to safety have made the search and development of new anti-friction
materials a topical task. The main requirements to the bearing assemblies include reliability,
durability, simplicity and ease of maintenance. The paper considers the features of the
manufacture of braking sliding sleeves/ bushings for transport vehicles made from sintered
low-alloy powder materials based on Fe-C-Ni with Ni and Mo contents of 0.3%. The paper
presents data on the microstructure of the sintered samples of the products and research of
some physical and mechanical properties. Surface quality and friction coefficient were
evaluated by surface profiling and tribological tests, correspondingly. Particular attention is
paid to the use of ultrasonic testing for quality control of the products.

1. Introduction

Sliding sleeves and bushes made of sintered powder materials are widely used in the
manufacturing of machinery, railway and various vehicles. Braking assemblies with the
braking leverage transmission have specific operating conditions. It presents a system of
levers that transmit forces arising from the pressure of the compressed air on the piston of the
brake cylinder to the friction units of the brake system. The connection units of the brake
system experience great dynamic and vibration loads. In addition, increased friction increases
in the connection units during braking and brake release. In order to reduce friction, bearing
bushes with heightened anti-friction properties are used. The use of metal powder
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bushings(MPB) allows extension of the service life of bearing units several times at the same
time reducing operational, maintenance and repair costs [1,2].

Given the importance of braking system assemblies, it is necessary to improve the quality
assurance of the components. By means of non-destructive testing, in particular, ultrasonic
testing (UT), it is possible to predict the mechanical properties of the braking elements, to
assess the presence of pores and defects. It was shown in [3] that the main feature of sintered
products distinguishing them from powder metals is the presence of free surface of the pores
as a major factor in the development of phase transformations. The free pore surface
manifests itself, on the one hand, as the stress relaxation space, and, on the other hand, as a
place where various defects emerge. In this case, it is advisable to use UT methods.

One of the main advantages of MPB is the presence of pores on their surface that facilitates
the formation of a stable oil film. As a result of the pre-dip of MPB in hot oil, the friction
surface is provided by the lubricating film for a long time. MPB are effective substitutes of
bearing products made of bronze and brass. The optimal physical and mechanical properties
were established to be the following: porosity in the range of 15 — 20%, oil absorption — not
less than 1.8%, the compression strength —180 MPa. To improve the strength properties, alloy
powder materials containing nickel and manganese in the range from 1.5 to 2.5% are
commonly used [4]. This provides an increase in strength and hardness. However, it should be
emphasized that these additives significantly increase the cost of metal powder products [5].

The purpose of this paper was to examine the possibility of manufacturing of MPB for
leverage brake system in transport using low-alloy powder compositions [6] with the contents
of Ni and Mo up to 0.3% and to assess the impact of residual porosity on the mechanical and
tribological properties of MPB. It has been tasked to evaluate the use of UT to control the
degree of porosity and the presence of defects.

2. Experimental studies

2.1. Mechanical properties and microstructure

Powder mixtures containing the alloying elements Ni, Cu, and Mo were used to produce the
samples (table 1). Mixtures AHC100.29 + Cu + Ni + C produced by Hoganas AB (mixture 1)
and the same mixture with an increased Cu content (mixture 3) [7] were assumed as basic
materials. MPB samples were made also from the low-alloy experimental mixture with Ni and
Mo content less than 0.3% and reduced phosphorus content (mixture 2).
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Table 1. Specification of materials for manufacturing of MPB samples.

Powder properties
Components o o
. . . Fluidity Bulk Compactibility
fract ht,
Mixture [mass fraction by weight, %] [s/50 ¢] density [g/cm’]
[g/em’]
Fe,% Ni,.% Cu, Mo, S,% P,% C,% Kenno-
% % lube
Mlxlture 94 20 20 05 02 01 12 10 38 3.18 7.05
Ml"zture 96.5 022 227 028 004 001 068 0.7 40 3.15 6.85
M”‘;ure 94 25 20 05 02 01 07 10 40 3.05 6.90

Pressing of MPB samples specified in table 2 was carried out in a rigid mold using a
hydraulic press at a pressure of 600 MPa. Sintering was performed in a protective atmosphere
during 40 minutes at a temperature of 1120°C.

Table 2. Main geometrical parameters and some physical and mechanical properties of MPB.

Outer diameter Wall thickness Height Porosity Hardness
[mm] [mm] [mm] [%o] [HB]
40 4 30 15 120
80 6 80 18 90

The results of the study of physical and mechanical properties of the MPB samples made
of mixtures specified in table 1 are shown in figure 1. The compression strength of the
samples was determined according to ISO2739: 2012 [8].
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Figure 1. Compression strength of MPB samples vs. density.

The sintered material of low-alloy powder (mixture 2) has a strength somewhat lower than
the control material (mixture 1). However, given the significantly lower content of costly
components in mixture 2, it can be recommended for the MPB production.

The microstructure of a sample from mixture 2 reflects the uniformly distributed porosity

(figure 2).

Figure 2. Microstructure of MPB of low-alloy powder (Mixture 2): A -x50;B — x500.

Studies have shown that when mixtures 1 and 3 are used for MPB production, the
problems with obtaining homogeneous samples by their chemical composition and structure
appear, since the mixtures are produced by mixing the starting powders. Mixture 2 is made by
spraying a steel melt with the predetermined chemical composition followed by the addition
of solid lubricant. Therefore, to obtain MPB for brake systems designed to operate in the
conditions of impact loading and complex stress, it is advisable to use a low alloy powder
composition, such as mixture 2. However, the final conclusion can be drawn based on the
tribological properties.
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2.2. Surface quality and tribological properties

Surface quality of the low-alloyed MPB was investigated by using “Taylor Hobson Ltd” 3D
measurement system. 2D and 3D measurements with stylus instrument were achieved by
basic “stepping” method (figure 3, figure 4). Main roughness and surface texture parameters
according to ISO 4287 “Surface texture: Profile method - Terms, definitions and surface
texture parameters” and EN ISO 25178-2 “Surface texture: Areal - Part 2: Terms, definitions
and surface texture parameters” respectively are given in table 3.
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Figure 3.Surface profilogram of a low-alloyed powder part.

Figure 4. View of 3D surface image and photo simulation of the low-alloyed powder part.

Table 3. Roughness and surface texture parameters of the low-alloyed powder parts.

. Ra, [um] 2.37
2D amplitude roughness parameters R, [um] 112
. Sa, [um] 2.65

3D amplitude texture parameters Sek 156
3D spatial parameter Str 0.766
3D functional parameter Vme, [mm’/mm?] 0.0187

3D functional parameter Std 2.56
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The results of the measurement confirm that powder part of the new low-alloyed powder
material has a relatively high surface quality. It should be mentioned that the surface is
sufficiently close to isotropic since the value of parameter Str (texture aspect ratio of the
surface, measures the isotropy of the surface) is close to 1 (maximal value of Str). The highest
value of functional parameter Vmc (core material volume of the scale-limited surface,
indicates a measure of the material forming the surface between various heights) proves a
good bearing ability of the surface due to great core material volume in contact during normal
exploitation time (after wear-in). The negative value of amplitude parameter Ssk (skewness of
the scale-limited surface, represents the degree of symmetry of the surface heights about the
mean plane) confirms good lubricant retention ability.

Tribological study was done using tribometer of “CSM Instruments” (Switzerland). The
friction coefficient was evaluated using “ball-on-disk™ testing without lubrication, when the
tested example was used as a disc, but a high-strength steel ball with the contact radius 3 mm
was used as a counter-body. The main parameters of testing were: force — 3 N; measurement
period— 20 s, linear velocity — 0.05 m/s.

The friction coefficient as a function of time, laps (number of rotation cycles) and length of
friction path for compacted and sintered powder parts are shown in figure 5. The stable curve
of friction coefficient with a relatively small fluctuation along the length of friction is
observed. The visual examination after testing in order to reveal any traces of wear or plastic
deformation of the surface revealed that the standard friction process occurred during testing.
The average value of friction coefficient for low-alloyed MPB was p = 0.22.
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Figure 5. The friction coefficient as a function of time, laps and length of friction path for
sintered powder part.
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2.3. Ultrasonic testing of MPB

To assess the degree of homogeneity of MPB and the possibility of determining the possible
cracks by means of ultrasound, the TOF (time-of-flight) method was used. Traditionally, the
method demonstrates its efficacy in the detection of cracks in welds and metal products [8].
The method is based on sounding the zone between the transmitter and the receiver, and the
analysis of signals generated by direct propagation of ultrasound, bottom reflections and
diffraction reflections from the cracks if they appear. The purpose of our measurements was
simultaneous estimation of heterogeneity of material properties of the PMB products and
locations of cracks. For comparative examination, PMB samples with longitudinal cracks by
height and PMB without visible defects were chosen.

Measurements were carried out in the surface transmission mode at a fixed acoustic base
between the transmitter and the receiver of 20 mm (figure 6). The base was oriented
perpendicular to the longitudinal axis of MPB to be perpendicular to the direction of the
crack. To perform the measurements on the cylindrical surface, transducers with point contact
were used requiring a small amount of liquid lubricant. Ultrasound excitation signals were
sinusoidal pulses with duration of 2 periods at a carrier frequency of 1 MHz. The samples
were measured in 4 sectors around the circumference and in 3 zones by height.

Figure 6. Illustration of ultrasonic measurements: on the left — a sample with a crack; on the
right — the application of the sensors.

The results of ultrasonic measurements on the MPB surface showed that the samples were
heterogeneous. The ultrasound velocity related to the longitudinal wave varied in different
zones of the samples from 3.75 to 5.00 km/s, showing this heterogeneity related to the
composition and porosity distribution and caused by the technological process. The
distribution of ultrasound velocity of in the samples (figure 7) indicates a greater variability of
properties by height than in the zones of perimeter. There was a sharp increase of ultrasound
velocity in one of the end zones caused by the non-uniform powder compaction during
manufacturing.
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Figure 7. Distribution of ultrasound velocity C (km/s) in the perimeter (zones 1-4 by axis X)
and by height (zones S1-S3 by axis Y) in two MPB samples.
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Figure 8. Plots of ultrasonic signals by samples’ height (see description in the text): in the
left-the sample without defects, in the right-the sample with a longitudinal crack. Brace
marks the height of the crack.

In the area of the crack, ultrasonic signals were recorded in 10 zones by the sample’s
height, in order to observe the changes of ultrasonic signals related to the development of
cracks. Figure 8 shows the two-dimensional plotting of plurality of ultrasonic signals obtained
by height, where the abscissa axis is time of ultrasound propagation, the axis of ordinates is
the zone of the sample’s height, and the brightness corresponds to the signal amplitude. The
two-dimensional plot of the ultrasonic signals shows a clear detection of the cracks by the
lack of the direct propagation signal and the relative gain of delayed echoes from the opposite
end of the sample. Thus, a simple analysis of signal plots can indicate the appearance of
cracks very illustratively.

3. Conclusions

1. The use low-alloyed iron-based powders can improve strength characteristics of products
without increasing their cost.

2. The achieved 2D surface roughness parameters, 3D texture parameters and the friction
coefficient (average value 0.22) confirmed the appropriateness of the new low-alloy metal
powder material on the iron base for producing bushing for braking systems.

3. TOF method of ultrasonic testing is able to detect cracks in the PMB, and also is
promising to control the spatial deviations of the material properties in the PMB products.
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Abstract. Possibilities of non-destructive testing (NDT) methods to assess the quality of permanent
Jjoints of powder metal parts were evaluated. Antifriction bushing-bushing couples used in transport
braking systems were investigated. The parts made of bronze graphite were crimped by pulsed
magnetic deformation by means of electromagnetic equipment with a maximum discharge energy
of 30 kJ. The gap between joint parts in the couples was assessed by ultrasonic and radiographic
methods. A standard ultrasonic flaw detector Krautkramer USM-25 with an Olympus 4MHz dual-
element echo transducer and an industrial x-ray apparatus YXLON EVO 200D were used,
correspondingly. In first trial, both methods were equally sensitive to tight and weak connection of
joints.

Introduction

Antifriction parts made of powder metal for use in transport can be joints composed of two or
more bushings. To obtain permanent joints of powder metal parts, different technological methods
are widely used in mechanical engineering, including axle pressing, radial crimping, welding,
soldering, and etc. [1]. The connection of the powder metal parts can be carried out both in the solid
phase and liquid-phase sintering. For parts with a low density, the diffusion soldering method can
be effectively used. Parts with a higher density and minimum porosity are usually treated as fully
dense deformable materials and connected by means of arc, gas, electron beam and laser welding.

To connect tubular and ring parts with a small residual porosity on the basis of copper and iron-
copper alloys, the most effective methods are radial crimping using isostatic, hydro-mechanical or
pulsed magnetic deformation. The method of pulsed magnetic deformation (PMD) realized by a
pulsed electromagnetic equipment is the most expedient for use with parts with a sufficiently high
electrical conductivity, based on copper and aluminum [2].

Non-destructive testing (NDT) of bonds between metal-metal, metal-polymer and composite-
composite parts is an established field of industrial research and practice [3,4]. Ultrasonic testing
embraces a variety modality, including through-transmission, pulse-echo, phased array, linear and
non-linear spectroscopy and other techniques, sensitive to diverse defects of connectivity and
inclusions. The most developed, commercialized and standardized inspection techniques relate to
welding, including ultrasonic testing, eddy current and radiography [5].

Joints obtained by PMD crimping are not such solid as welding since is not dealt with mutual
penetration of surface layers of joint parts. Besides, specific structure of powder metal material of
antifriction parts, particularly such compounds as bronze graphite, causes high attenuation of high
frequency ultrasonic waves. It causes difficulties in application of standardized NDT approaches.
The purpose of work was to test the sensitivity of ultrasonic and radiographic methods for
discrimination of tight and weak PMD crimping using standard NDT techniques with its necessary
adjustment.

Materials and Methods

The testing objects were joints of antifriction bushings for transport. Bushing pairs joined by
PMD are shown in Fig. 1. The antifriction bushings were produced of bronze graphite powder by a
typical process of powder metal sintering, where copper was the basic material and tin and graphite

Al rights reserved. No part of contents of this paper may be reproduced or transmitted in any form or by any means without the written permission of Trans
Tech Publications, www.scientific.net. (#108132730-10/05/18,12:09:06)
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contents were approximately 9 and 3 %. The sizes of outer and inner bushings were: length 30 and
36 mm, outer diameter 32 and 28.5 mm, wall thickness 3.5 mm. The PMD crimping was realized by
means of a spiral inductor with height 90 mm and diameter 80 mm connected to a pulsed current
discharger. The pairs were placed in the axial zone of inductor as shown in Fig. 1. The magnitudes
of the magnetic and electric components of the applied electromagnetic field in the inductor’s axis
reached 835 A/m and 17960 V/m. The reproducibility of the operating modes of the generator was
not worse than 0.5 %. The samples were subjected to an electromagnetic field with a ratio and
mutual orientation of the magnetic and electrical components characteristic to the "near zone"
formed at distances much smaller than the wavelength of the electromagnetic field.

Outer part !  Inner part
1

Pulsed discharger ' Coil

Fig. 1. Schematic principle of PMD crimping and bushing-bushing joint obtained by PMD

Ultrasonic testing was conducted in accordance to the standards of LVS EN ISO 16810: 2014
Non-destructive testing — Ultrasonic testing — Transmission technique (ISO 16823: 2012) and LVS
EN ISO 16811: 2014 Non-destructive testing — Ultrasonic testing — Sensitivity and range setting
(ISO 16811: 2012) [6]. Pulse-echo method was carried out using a standard ultrasonic flaw meter
USM 25 of Krautkramer GE Inspection Technologies GmbH (Fig. 2 a). USM 25 is designed to
detect defects, such as discontinuity and non-uniformity of materials, in semi-finished products,
finished products and welded joints, to measure the depth and coordinates of their occurrence,
thickness measurement. It allows measurements in a broad frequency range from 0.5 to 20 MHz in
materials ranging by ultrasound velocity from 1 to 15 km/s with broad ranges of calibration by
depth and attenuation in the material. The dual-element transducer Olympus 01JJ4L at a working
frequency of 4 MHz was selected taking into account the specificity of the bronze graphite material,
its porosity, and with that the large attenuation of the signal. The split sensor scheme allowed
minimization of the blind zone and the noise reduction. Before trials, the system was calibrated for
measuring wall thickness in a bronze graphite bushing using a separate sample bushing.

Fig. 2. Ultrasonic (a) and radiographic (b) testing of bushing-bushing joint: 1 — lead shield; 2 — film;
3 and 4 —marks of object and reference point; 5 — indicator of back radiation; 6 — object; 7 — x-ray
source; f — distance between source and object; SFD — source-film distance; t — object thickness

For radiographic testing, a mobile industrial X-ray apparatus SMART EVO 200D of YXLON
was chosen. The apparatus has a focal spot of 1.0 mm and a radiation power with a constant
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potential of 750 W, providing high performance, short exposure time and high resolution. The
principal diagram of testing is shown in Fig. 2 b. The testing procedure was done according to the
standards LVS EN ISO 17636-1:2013 Non-destructive testing of welds: Radiographic testing [7].
The translucence regime was set experimentally using a sample of bushing-bushing joint. The
adjustment was carried out by consequent irradiating sides of larger thicknesses moving
subsequently to smaller ones. The initial regime was calculated for the monolithic structure of the
bronze graphite material. Four control exposures were performed with a decrease in the time
interval. Due to this, regularity was found between the coefficient of image darkening and the
exposure time, which differed from 4 to 6 times depending on the irradiated thickness.

After nondestructive testing, the bushings were cut transverse to the axis in order to make
microscopic observation of the boundary areas between inner and outer parts. Samples of a tighter
and a less tight crimping resulting in differences of optically visible gaps between the inner and
outer bushings varying from zero to several tens of micron are shown in Fig. 3. In the case of tight
crimping, adhesion between parts occurs at the level of mutual microcrystalline penetration that
provides the mechanical integrity.

a b
Fig. 3. Samples of joints fragments with tight (a) and weak (b) PMD crimping: 1 — inner bushing;
2 — outer bushing; arrows show boundary between inner and outer parts

Results and Discussion

Ultrasonic Testing. Bottom reflections in pulse-echo signals were compared. Sample echograms
are shown in Fig. 4. In the case of proper adhesion between joint parts, ultrasonic wave had an
opportunity to pass unhindered through the boundary between outer and inner parts and reflect from
the inner wall surface. Thus, the echo response had a delay corresponding to double wall thickness
in both directions. In the case of weak crimping, the air gap between outer and inner parts prevented
through propagation and the echo response had a twice shorter delay due to the full reflection from
the wall surface of the outer part. Meanwhile, due to high attenuation of ultrasound in powder metal
bronze graphite, a certain disturbance of continuity and a longer propagation path, echo signals in
the proper joint are much more attenuated comparing with the weak joint. The dissipation of
ultrasound in the bronze graphite material caused also broadening and more irregular form of the
reflection peaks that are typically observed in cast metal products.

Average measurement error in tested samples was 0.14 mm that is an indicator of the highly
acceptable measurement accuracy. Thus, ultrasonic testing testified principal applicability to NDT
of permanent joints obtained by PMD crimping meeting the ISO standards for ultrasound control.
However, the method is limited to testing parts, where the surface curvature allowed positioning of
flat transducers. The examined bushings were at the margin of this condition
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Fig.4. Samples of ultrasonic echograms for cases of tight (a) and weak (b) PMD crimping. Arrows
show reflections corresponding to 7.00 and 3.28 mm thicknesses in these cases, i.e. from double and
single walls

a b
Fig. 5. Samples of X-ray films for cases of tight (a) and weak (b) PMD crimping for bushing-
bushing joints. Circle shows the area of improper connection. Images were obtained from the end
face of bushing

a b
Fig. 6. The same as in Fig. 5, axial view. Images were obtained at an angle approximately 30° to
bushing axis. Rectangle shows gap of improper crimping

Radiographic Testing. Testing results were analyzed by visual observation of X-ray films after
standard chemical processing. To make results comparable, an approximate dependence between
the amount of gamma radiation for the same metal in a monolithic structure and in a powder one
was found. The optical density of films varied in the range from 2.3 to 3.5.

The films allowed revealing of connection defects in parts of both types. Both circumferential
and axial views of the gaps between outer and inner parts were obtained. Figures 5 and 6
comparatively demonstrate tight and weak connections in bushing-bushing joints from the end face
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and side. To obtain side views with better highlighting of gaps between bushes, the pictures were
taken at the angle approximately 30°.

Comparison of Methods. In the first trials, both NDT methods showed equal sensitivity in
discriminating tight and weak crimping of powder metal parts produced by PMD. The difference
between ultrasonic and radiographic methods stemmed from their physical principles, where
ultrasound revealed a mechanical discontinuity preventing propagation of the elastic wave and X-
rays sensed the presence of a void in the material between the parts. Regarding the prospective
industrial application, ultrasound has advantages of more simple and low cost hardware, fast
operation and quick data interpretation. The advantages of radiographic method are noncontact
testing and imaging. Complications related to films processing can be overcome by use of digital
radiography. Further studies are necessary to estimate resolution limits of the both methods and
explore possibilities of quantitative evaluation of the mechanical integrity of joints.

Summary

The first attempt to assess non-destructively connection quality of antifriction powder metal
bushings joined by pulsed magnetic deformation (PMD) showed sensitivity of both ultrasonic and
radiographic methods in discriminating the conditions of tight and weak crimping. Complications of
application the standard ultrasonic testing to bushing-bushing joints were caused by a higher
attenuation of ultrasound in bronze graphite powder compound comparing to cast metal. Crimping
by means of PMD produced a tight connection conducting ultrasound without disturbance and
generating no echo response at 4 MHz. Areas of weak connection were revealed as early ultrasonic
echoes coming from the wall of outer part and visible gaps in X-ray films. Both methods have a
perspective for the industrial implementation in quality assurance of PMD crimping of powder
metal parts.
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Abstract. The paper discusses the basic methods of combined static-dynamic compaction of powder materials.
According to the authors, one of the important directions is a method that combines axial compaction of powder,
carried out with the help of a hydraulic press, and pulse-magnetic compaction (MPC). Experimental studies were
carried out on metal powder materials based on Fe-C-Cu. Particular attention is paid to the production of long
length products using step-type compaction; the effect of specific pressing energy on a compressibility of
materials is shown. It has allowed giving advice on the choice of compaction modes and on designing of
inductor devices.

Keywords: static-dynamic compaction, powder materials, electromagnetic pulse.

1. Introduction

Methods of compaction of ceramic powders in hydraulic and high-performance mechanical
presses, vibratory compacting, rolling and other methods are widely known. Dynamic methods of
powder material compaction using hydraulic and electromagnetic pulses are not less known. The
development of new ceramic and composite materials as well as products from them is closely linked
to improvement of compaction methods, which allow obtaining a higher density of materials,
increasing the size of products, diversifying their possible form. In recent years, there has been
increased interest in hybrid and combined technologies of compaction, which combine static and
dynamic loads. In hybrid technologies a material is acted on by two or more sources of loading
simultaneously throughout the production cycle. For the combined technologies, it is characteristic
that while one source acts the second source operates once at a given (usually at the start or end)
moment of the production cycle (Fig. 1).

[ Dynamic load, Q ]

/1N

p .
Hybrid | | |
technology/) ‘ : I j I h
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Combined
technology <

Static load, P

Fig. 1. Cycloramas of hybrid and combined technologies

To combined technologies may be assigned the combination of vibration shaking down and pulse
compaction [1], radial dynamic compaction of long-length products with their step-type moving [2],
static compaction on a hydraulic press and pulse compaction [3].

The combined technologies are of considerable interest for treatment of suspensions and solutions
in a pulsed electromagnetic field [4].

Factors of pulse-magnetic action (induced pulsed currents, stress waves, acceleration of the
material) change the structure, mechanical and technological properties of materials. This technology
is particularly interesting for processing of suspensions containing metal ferromagnetic particles [5].

1128



ENGINEERING FOR RURAL DEVELOPMENT Jelgava, 25.-27.05.2016.

Pulse-magnetic processing can be used in preparation of suspensions or directly in
implementation of processes of slip casting in devices where inductors are mounted in the mold.

‘wd

X .| to magnetic
“.{ pulse generator

2

Fig. 2. Technological scheme of pulse-magnetic processing of solutions and suspensions:
1 — material; 2 — inductor; 3 — heating device; 4 — mold; 5 — location of the cover

This paper considers the methods of pulse-magnetic compaction (PMC) of powder materials in
which a pulsed electromagnetic field (PEMF) is used to move a punch or shell. Advantages of these
methods are: a micro or millisecond range of application of additional dynamic load, the possibility of
obtaining long-length products, the ability to integrate a pulse-magnetic installation into a processing
line. The implementation of such technology is made possible by the use of resistant inductors,
connected with the pulse-magnetic installation, and devices for continuous feeding of the powder
material. Features of the design and application of effective re-usable inductors are considered in the
work [6]. This experience was used also in experimental research.

2. Materials and methods

2.1. Combined compaction of a powder material in a rigid die.

The studies were carried out on powders Hoganas AB [8]. The data for the materials are given in
Table 1. When mixing, 0.6 % lubricant Cennlube was added.

Table 1
Powder materials based on Fe-C and Fe-C-Cu
No. | Iron powder brand Production method Additional components

1 NC 100.24 reduced 4% Cu+0.6%C

2 ASC 100.29 atomized 1.5% Cu+0.15 % C

3 SC 100.26 reduced 2.0 % Cu +0.15 % C

. pre-alloyed Cu (1.5 %), Ni
4 Distaloy AB (1.75%), Mo (0.5%) 0.15% C
5 MH 80.23 reduced 2.0% Cu+0.5 % C

For compaction a hydraulic press with a maximal force 100 kN was used. A steel mold 10 mm in
diameter was placed on the frame of the press. Depth of the filling chamber was 20 mm. The lower
punch, provided with a conductive plate, is mounted on the plane inductor connected to a generator of
pulse currents MT-1 with maximal energy of 2.5 kJ (Fig. 3, 4).

Previously the powder is acted on by the static pressure of the hydraulic press with the force of
50 kN with subsequent single or multiple pulse action through the use of the inductor connected to the
generator of pulse currents. A plane inductor 5 from copper wire 6 mm?” in section, with a number of
turns 12 was used. Mass of the punch was 98 g, mass of the copper plate — 25 g.

The density of pressing & was estimated by measuring the degree of settlement of the punch into
the die. The results of the experiments are shown in Fig. 6-7. The experiments were performed on
powder compositions 1-4 (Table 1) under the same parameters of compaction.
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Fig. 3. Scheme of the hybrid technology of Fig. 4. Experimental device for PMC of
PMC of powders in a rigid die: 1 — upper powders

punch; 2 — container; 3 — powder; 4 — lower
punch; 5 — inductor
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Fig. 5. Change in the density of different powder compositions
under static and static-dynamic compaction

The results show (Fig. 5) that imposition of a shock pulse adds the density of pressing for all
powder compositions in the range of 4.5 to 9.5 %. In this case the biggest increase of pressing density
is observed at higher levels of energy of discharging of the generator (Fig. 6). The studies were
conducted on the powder composition 2 based on the powder ASC 100.29.
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Fig. 6. Change in the pressing density depending on the specific energy
of discharge 0.8; 0.9; 1.0 and 1.2 kJ -em™

Green density g-cm™
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The influence of the number of discharge pulses is especially noticeable when the number of them
is small. As the number of pulses increases over 10 this effect becomes less noticeable (Fig. 7).
Studies were performed on the powder compositions 2 and 4 based on the powder ASC 100.29.

7.4 7
7.2 7
7.0 1 5
6.8 - ks
6.6
6.4
6.2 T
6.0 S } g
5.8 — — T

a b c d

1

Green density g-cm?

Fig. 7. Change in the pressing density depending on a number of pulses:
a—0;b—5;c—10; d-15 at the specific energy of discharge 0.9 kJ-cm™

2.2. Combined technology of step-type static-dynamic compaction of powders

This technology appears to be promising for production of long-length products. The scheme of
the process is shown in Fig. 8, the experimental device — in Fig. 9. Compaction was conducted in a
tubular shell from copper. Previously the tube 1 was compressed on the mandrel 4 with the help of the
inductor 1. Further, by means of the actuator 5 the tube with the powder moved through the draw die 3

(Fig. 8).

4 5
| [ep——— |
a
Iy
- = - e = ﬁ 1
b
s
8 e Egl
4
Fig. 8. Scheme of compaction (a — starting Fig. 9. Device with the inductor on the table

state; b — stage of press-forging; c — stage of
drawing): 1 — billet; 2 — inductor; 3 — drawing
die; 4 — mandrel; 5 — puller

3. Results and discussion

As the experiments showed, the use of combined methods of static-dynamic compaction helps to
increase the density of a powder material. For products of small height the method of compaction of
powder in a rigid die with imposition of electromagnetic pulses is most convenient. With step-type
compaction the quality of the obtained product depends on many factors: density of prior filling of the
powder into the tube, magnitude of the angle of the draw die, plasticity of the material and the
properties of the powder. With the simultaneous turning on of the drawing mill, both operations
(pulse-magnetic press-forging of an end of the tube and pulling the tube through the draw die) are
performed at a single site and by a single operator. Productivity increases, total energy consumption
decreases.
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4. Conclusions

We can assume that in the near future, interest to the static and dynamic methods of compaction

of powder materials, especially ceramic powder, will increase. This can be explained by the
development of a new generation of pulse current generators in recent years: with a higher specific
capacity, small-sized and with the increased frequency of bit pulse repetition. However, for successful
development of the technology, it is necessary to create sustainable development of inductor systems
and improve the safety of the equipment.
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Abstract. The paper presents the results on research of machining anti-friction bushings of lever
brake systems of rail transport, wherein the bushings are made of powder material based on iron and
copper. Powder composition contains Fe-C-Cu with Ni and Mo content of less than 0.3%, and with
reduced phosphorus content. The porosity of the bushings were in the range of 15 — 20 %. The main
objective of the work was to determine the optimal machining parameters, as well as to evaluate the
quality of the machined surface. The bushing were machined with cutting speed in the range of 130
— 150 m/min. To assess the quality of the machined surfaces the 3D roughness parameters were
used, which allow to asses the surface roughness in more accurate details. The microstructure of the
samples indicated the presence of pores onto the machined surfaces. It was found that to improve
the quality of the surface it is necessary to adjust the parameters of the powder processing of parts
with high porosity in the direction of their reduction. Studies of the microstructure and morphology
of chips showed that the shape and structure of the chip is highly dependent on the porosity of the
material and its processing conditions.

Introduction

Among many products of powder metallurgy (PM) an anti-friction bushings (AB) such as slide
bearings are well known [1]. Powder metallurgy is considered to be one of the most effective
production methods because of the following features: almost no waste; performance; relative
accuracy as well as possibility to achieve wide range of properties for the material.

Not so long ago it was considered that the parts made by powder metallurgy process are not
subject to further processing, especially to mechanical machining. Nowadays, the industry requests
more precise parts to be produced.

The studies of mechanical machining of powder metallurgy parts already started in sixties. The
main conclusion from the studies was that powder metallurgy parts have low machinability referring
to a cutting speed and resistance of a cutting tool. Parts with similar material, but not made by
powder metallurgy, showed better results [2]. Another influential factor of machinability is porosity
of material to be machined. Due to the residual porosity cutting process occurs intermittently, which
accelerates wear of the cutting tool [3]. It is considered that better machinability can be achieved by
using PM materials made of small content of oxide powders and non-metallic inclusions that have
an increased abrasive effect on the cutting tool.

In research of Danilov [4] it was concluded that tool wear at processing RV-20 powder material
is 2-3 times greater than that for the same material not made as PM product.

Aim of the research is to study a machining of AB, which is PM product, and its machining
parameters influence of the surface roughness, especially of the 3D surface roughness. The main
aim of the experiment is to analyse an influence of cutting regimes on a surface roughness of
machined AB. Similar experiments on analysing influence of cutting regimes on the surface
roughness are describer in other research paper [5]. Another aim of the experiment was to analyse
the cutting process of PM components as such (for example, formation of chips).
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Materials and Methods of Experiments

Material. The part to be machined was anti-friction bushing (AB) from brake system of a railway
wagon. The AB is made of PM material Fe-Cu-Cu [6].The following AB is designed to withstand
short dynamic overloads and able to withstand the sliding speed up to 3 m/s. Recommended
temperature of exploitation in a regime of self lubrication is in range of -25 to +40 °C. The AB is
made from mixture of powder materials containing Ni and Mo less than 0.3 % and with low content
of phosphorous. The powder itself was made by Hoganas AB. The chemical content and properties
are given in the table 1.

Table 1. Chemical content and properties of material of the AB.

Properties
Apparent
Flow . g
Chemical content (weight %) [s/50g] [d;;::lt% Com[lig);z;i;;nhty
Fe [Ni |[Cu |Mo [S [P C |Kennolube
96.5 (0.222.27|0.280.04 | 0.01 | 0.68 0.7 40 3.15 6.85

Compacting of AB was performed on hydraulic press using a pressure of 600 MPa. Sintering of

AB was performed in protective atmosphere at the temperature of 1120 °C for 40 min. The
properties of obtained AB are as follows: porosity in the range of 15 to 20%; oil impregnation not
less than 1.8%; tensile strength in the range of 350 to 550 MPa; Brinell hardness in the range of 70
to 120.
Cutting tool. A cutting tool insert for finishing operation was chosen for machining operation.
Finishing operation provides most satisfactory surface roughness for a workpiece to be machined.
The chosen cutting tool insert is designed for cutting the workpieces of ISO P (steel) and ISO M
(stainless steel) material groups. The cutting insert has the following ISO code: VBMT 11 03 04-PF
(see Fig. 1). The AB can be considered as M group material and therefore the chosen cutting tool
insert is suitable for machining operations.

Fig. 1. Cutting insert, where RE is radius of the tip of 0.3969 [mm], LE is a cutting edge length of
11.0709 [mm], IC is an inscribed circle diameter of 6.35 [mm] and S is an insert thickness of 3.175
[mm]. Courtesy of Sandvik Coromant®.

Surface roughness parameters. The first studies in prediction of surface roughness were carried
purely based on geometric correlations — geometry of cutting insert and its displacement along the
workpiece. Based on geometric correlations a maximum surface profile roughness Ramax can be
determined using the following equation:
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where f is feed in mm/rev. and RE is a radius of the tip. The following equation can be used only
when depth of cut is less than the radius of the tip RE.

If the radius of the tip RE is ignored and cutting edge angles are taken into account, then the
maximum surface profile roughness Ramax is expressed using the following equation [7]:

Ramax = f/4(ctgo + ctge1) 2)
where ¢ is a major cutting edge angle and ¢ is minor cutting edge angle. This equation can be used
when the depth of cut is larger than the radius of the cutting insert tip RE, and larger feeds are used.
It was decided to use 3D surface roughness parameters as primary parameters and 2D or profile
roughness parameters as secondary parameters. The 3D surface roughness parameters are defined in
the standard ISO 25178. The standard defines many parameters but most extensively used parameter
is an arithmetical mean height of the surface Sa (um) defined by the following equation:
1

Sa= szA Z(x,y)dxdy. 3)
where A is a cross-sectional area of the measurement, Z(x,y) is the function representing the height
of the surface relative to the best fitting plane or cylinder.

It was also decided to use another 3D surface roughness parameter Sq, which defines root mean

square surface roughness. Additionally, the Ra (average profile roughness) was chosen as 2D or
profile roughness parameter.
Cutting parameters. The cutting regimes were chosen within the suggested range of the cutting
insert manufacturer Sandvik Coromant. Following the suggestions of cutting insert manufacturer,
the following finishing operation data were chosen: depth of cut (a) is 0.5 mm, feed (f) is 0.08
mm/rev. and 0.1 mm/rev. and cutting speed (v) is 130 m/min and 150 m/min. The depth of cut and
feed was chosen within the suggested range, except the cutting speed. It was chosen outside
suggested range because the cutting will be performed in dry regime — without using cooling fluid.
Use of cooling fluid can contaminate the workpiece, because of its high porosity. Dry cutting is
another feature which distinguishes PM components from ordinary components. If it is decided to
use a cooling fluid, then additional operation (cleaning) is required, which can rise the costs of
manufacturing, and does not always provide satisfactory cleaning. Therefore, it was decided not to
use the cooling fluid and accordingly adjust the cutting speed. It is practice to divide the suggested
cutting speed by two if no cooling fluid is used. Accordingly, the cutting speed range is from 102.5
to 147.5 m/min. For experiment the cutting speed of 130 m/min and 150 m/min was chosen.

The depth of cut was kept constant, because it does not provide the same adaptive characteristics
as cutting speed and feed. Based on the results of experiment a mathematical prediction model can
be developed. The following model can be configured to provide adaptive adjustment of feed and
cutting speed during the machining, therefore providing necessary surface roughness adjustments. It
is more complicated to achieve adaptive characteristics based on the depth of cut. The depth of cut
is closely related to the toolpath, which restricts adaptive changes during the machining process.
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a) b) )
Fig. 2 a) schematic of turning AB; b) deformed AB due to high pressure from the chuck; ¢) set up of
the AB in the lathe using tailored fixture.
Fig. 2a) illustrates a schematic of turning AB. The turning was performed on the lathe Okuma
L200 E-M. The AB is a thin walled component, therefore a custom made fixture was created.
Without the tailored fixture, the AB is subject to deformations (see Fig. 2b).

Results and Discussion

From the results it can be concluded that the best surface roughness can be achieved using a feed
of 0.08 mm/rev. and cutting speed of 130 m/min (see Table 2). Almost the same result can be
achieved by increase of the cutting speed by 20 m/min, which is 150 m/min. Another picture arises
when the feed is changed. When the feed (f) was changed by increasing it from 0.08 mm/rev. to 0.1
mm/rev., then the surface roughness increased almost twice. It can be concluded that the change of

feed (f) influences the change of surface roughness much more than the cutting speed (v).

Table 2. Profile and surface roughness parameters according to cutting parameters.

No. of Ra- Sa —average | Sq—root a— depth f— feed v — cutting
experiments | average surface mean square of cut [mm/rev.] speed
profile roughness surface [mm)] [m/min]
roughness [pm] roughness
[pm] [nm]
1. 0.74 1.62 2.73 0.5 0.1 130
2. 0.30 0.41 0.54 0.5 0.08 130
% 0.57 0.74 0.91 0.5 0.1 150
4. 0.32 0.44 0.68 0.5 0.08 150

When the experiment No. 1 was analysed, the following features were indicated. The 3D surface
roughness parameters showed sharp increase in surface roughness. Nevertheless, 2D profile
roughness parameter does not indicate the following sharp increase. The samples were analysed
further and from graphical representations of 3D surface roughness it was found out that the sample
of the experiment No. 1 had multiple surface defects comparing to other samples (see Fig. 3). The
2D profile roughness measurement are performed only on one line and characterizes only this one
line. If defects are not on the measured line, they are neglected giving false information about the
surface. In contrast, the 3D surface roughness parameters include more detailed information about
the surface. In this case, the defects were also included and the real characteristics of the surface
roughness were indicated. Accordingly, given experiment gave unexpected result showing the
necessity of 3D surface roughness measurements instead of 2D roughness measurements. In
industries were quality defines performance, the 3D surface roughness parameters should be used.
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Fig. 3. Graphical representation of 3D surface roughness for the experiment No. 2 (Fig. 3a) and for
the experiment No. 1 (Fig. 3b).

The morphology of the chips was also investigated (see Fig. 4). Obtained chips could be
classified as discontinuous or segmental chips. These chips are convenient to collect, handle and
utilise. For the following machining process this form of chips can be considered as desirable and

does not create add1t10nal comphcatlons to the machlmng
D A L S ey ;

F1g 4 orphology of the ch1ps where shown ch1p has a w1dth of 836 pum, a pro;ected length of
- 1306 pm and overall length of 2116 pum.

Conclusions and Further Research

The research was performed to investigate the influence of cutting parameters on the surface
roughness parameters, especially on the 3D surface roughness parameters, machining PM
components. From the given range of cutting parameters the best surface roughness (Sa 0.41 pm)
was achieved using the following regimes: depth of cut (a) 0.5 mm; feed (f) 0.08 mm/rev. and
cutting speed (v) 130 m/min. The surface roughness measurements proved that the 3D surface
roughness parameters describe the measured surface more accurately than 2D profile roughness
parameters giving more reliable data about the surface. The 3D surface roughness measurements
should be as a first choice measurement technique. The morphology of the chips does not indicated
any additional problems and were considered to be satisfactory in all range of the cutting regimes.
Further research could include broader ranges of cutting parameters as well as depth of cut (a) could
be added as a variable. Additionally, relationships between 3D and 2D roughness parameters could
be investigated based on machined surfaces including different kind of defects and other anomalies.
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Abstract. Recent study considers the tribological characteristics of the sintered bushings used
in the connecting nodes brake lever system of railway cars. Particular attention is paid sleeves
low content of alloying elements. Bushings had been prepared by powder metallurgy route by
using low alloyed powders of Fe-Cu-C system. Porosity after sintering was about 20%.
Generally, before using material was impregnated by industrial mineral oil in order to improve
friction condition.

In the recent study we use new lubricating compositions for impregnating in sintered bodies.
Such compositions consist of basic mineral oil with addition of 4 wt.% of layered tungsten
dichalcogenides (WS2 and WSe2) nanoparticles, which were ultrasonically dispersed. Tungsten
disulphide nanoparticles have spherical shape with the diameter of 30-50 nm, and diselenide
nanoparticles have a flat shape with the mean dimensions of 5x70 nm. Tribological testing of the
product was provided. Sintered bushings impregnated with commercial oil and suspension of
nanoparticles were tested in the spinning friction conditions in the couple with bearing steel at
the load of 210 N and spinning rate of 200 rpm.

The friction test in couple with steel exhibited the value of friction moment to be about 2 times
less as compared with commercial oil. The additions of tungsten disulphide nanoparticles also
significantly decrease oscillations the friction torque.

1. Introduction
The powder metallurgy is still the common way for production of sintered bushing for most
of machines and mechanisms. Main advantage of this technology is practically total absence of waste
products and controllable porosity in produced materials. [1] Friction, wear and lubricant play
significant role in economical effect by the determining of the lifetime of machines and mechanisms.
[2] Side effects of friction and wearing, changing the geometry and vibrations during the exploitation
brings to the loosing functionality by the dramatically breakdown or progressive failure of friction
parts. It’s important to consider for production of parts for railway and automotive industry.

Factors influent significantly on wearing and friction coefficient depends not only from properties of
initial materials, but also from number of parameters. Even insignificant changes in contact area of
surfaces, temperature and humidity in contacting zone brings to the significant changes in wear rate and

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
BY of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
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friction coefficient value of powder metallurgy parts. Also the main important factors are sliding
velocity, viscosity of grease and normal force action in lubricating systems. [3]

Tendency to the ecological and economical efficiency in development of new tribological materials
and systems is strength during the last ten years. In this area were investigated oxide- and nonoxide
modified ceramics, metal-glass materials and materials modified by nanodispersed particles.

Nanoparticles application allows improving chemical resistance and tensile strength in low- and high
temperature conditions. In this way the big interest is to the possibility to decrease friction coefficient
and wear of powder bushings.

Among the modifying additives are carbides, borides, metal oxides. The greatest application was
found for carbon materials (carbon nanotubes, fullerenes and ultradispersed diamond-graphite
compositions). In the work [4] the method of increasing tribological properties by using bearing
lubricants activated with nanoscale diamond-graphite additives is considered. For practical use, the
treatment of a material in electrolytes by prolonged immersion is most often used. This ensures a
reduction in roughness, an increase in the stability of the rheological properties of the liquid lubricant
materials.

The results of studies of the use of solid lubricants based on metallic dichalcogenide compounds,
such as an additions of molybdenum and tungsten disulphides are presented in [5]. It is noted that
tungsten disulfide is more stable at temperatures above 300 ° C. The synthesis of WS2 particles was
considered in detail in [6].

Based on those researches we have studied a possibility to decrease a friction coefficient of sliding
bearing assembly by using nanoparticles of tungsten disulfide and diselenide in lubricating oil.

2. Materials and methods A
Studies were carried out by using of bushing of brake lever system made of Fe-Cu-C material [7].
Microstructure and general appearance are shown in the Fig.1.

Figure 1. Microstructure -a, and photographs of bushings —b.

The bushings from this alloy were manufactured by powder metallurgy route. A multicomponent
powder mixture ANS100.29 + Cu + Ni + C was used for the manufacture of MKV. An estimation of
roughness parameters of metal-powder products was considered in [8]. The physical and mechanical
properties and dimensions of the test material are shown in Table 1.

Table 1. Size geometry and properties of sintered billets.

Parameters Values
Dimentions: Diameter external; internal, length (cm) 45x29x31
Density, g/cm® 6,2
Open Porosity, % 16
Hardness HB, MPa 700
Strength at radial compression, MPa 420
Microstructure Perlite, Sulfides, Pores;
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To ensure the self-lubricating effect, the sleeves were impregnated with hydraulic oil. Thus, even at
the beginning of the movement between the shaft and the bearing, it should be an oil film creating
favorable operating conditions.

In the study [9] a new lubricating compositions for impregnating in sintered bodies had been used.
Such compositions consist of basic mineral oil with addition of 4 wt.% of layered tungsten
dichalcogenides (WS, and WSe;) nanoparticles, which were ultrasonically dispersed. In the recent
study, the bushings were impregnated with transmission oil of Russian grade MS-20, as well as the same
oil with additions of tungsten disulfide WS2 and diselenide WSe2 nanoparticles. Tungsten disulphide
nanoparticles have spherical shape with the diameter of 30-50 nm, and diselenide nanoparticles have a
flat shape with the mean dimensions of 5x70 nm as shown in the Fig.2.

Figure 2. TEM micrographs of WS2 (a) and WSe2 (b) nanoparticles.

Tribological testing of the product was provided. Sintered bushings impregnated with commercial
oil and with suspension of nanoparticles were tested in the spinning friction conditions in the couple
with bearing steel at the load of 210 N and spinning rate of 200 rpm.

Testing was carried out by using the friction machine PBD-40, developed in Saint Petersburg
Polytechnic University. A cylindrical specimen of bearing steel (SHKh-15 in Russian grade) of 10 mm
in diameter, was clamped in the spindle of the friction machine. The test bushing was placed under the
sample and fixed in a special clamp on a rotating base, which was kept from turning by a metallic wire
fixed on the strain gage. Samples were brought into contact with a normal load of 210N. Further, the
process of rotation of a spindle with a cylindrical sample with a rotation frequency of 200 rpm was
started. The time of one test was 1000 s.

3. Results and discussion

The dependences of the frictional torque of “roller-ring” rotation on time for bushings impregnated with
MS-20 oil, as well as with lubricant compositions, are shown in Fig.3. In all cases, the straining occurs
in the second sec of the experiment, the moment of friction is equal to 0.12+0.1 Nm for all lubricating
compositions. The identity of the moments of friction and the intervals of time before straining can be
related to the identity of the initial friction conditions expressed, primarily in the overlapping of pores
with oxide films of a certain thickness.

The graph (Fig. 3) also shows that the dependence of the frictional torque on time for bushes
impregnated with MS-20 oil and lubricating composition with WSe2 have a “jumps” in the frictional
moment, which may be associated with contact and destruction of ungreased oxide films. Then after
extruding from the pores of the lubricating oil, the torque fluctuations decrease. Since the nominal
contact area is variable, new areas with oxide films are involved in the friction process, which also break
down, opening the way to the lubricating oil on the surface.



IMST 2017 IOP Publishing
IOP Conf. Series: Materials Science and Engineering 251 (2017) 012084 doi:10.1088/1757-899X/251/1/012084

0.25

0.225 oil MS-20
MS-20+4% WSe

MS-20+4% WS,

0.2 2

0175

o
-
(3]

0.125

01

7Y

Friction Moment, Nm

0 100 200 300 400 500 600 700 800 900 1000 1100 1200
Time, sec

Figure 3. Dependence of the frictional torque versus time when testing a sleeve impregnated
with mineral oil MS-20 and lubricating compositions containing 4wt.% of WSe; and WS,.

The dependence of the frictional moment of roller-ring rotation on time for a bushing impregnated
with a lubricating composition oil MS-20 + 4% WSe2 and MS-20 + 4% WS2 is shown in Fig.3. For
these compositions, after friction, a sharp decrease in the frictional torque occurs due to the extrusion of
the lubricant composition onto the friction surface and the interaction of the nanoparticles introduced
into the lubricant compositions with the friction surface. On average, the frictional torque was equal to
~0,056Nm and =0,067Nm for oils modified with selenide and tungsten sulfide nanoparticles,
respectively.

The most stable moment of frictional friction was shown by a bushings impregnated with a
lubricating composition MS-20 + 4% WS2. It can be noted that for the lubricant composition containing
spherical nanoparticles of tungsten disulfide, after characteristic breaking down in the beginning of
friction, characteristic “jumps” in the moment associated with the destruction of the oxide film do not
appear. This can be due to, on the one hand, small thickness of oxide film, and on the other hand, due
to spreading the lubricant composition squeezed out on the local site over the surface of the oxide film,
which has not yet been destroyed, but which comes into contact. In this case, the spherical shape of the
introduced particles begins to play an important role.
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4. Conclusions
Based on the conducted express study we can conclude:

The test bushings with friction on the flat base of steel cylinder have close moments of friction at
brakedown and time intervals before stationary friction start, which is related to the identity of the initial
conditions of friction, as well as to overlapping pores with oxide films of a certain thickness.

When the bushings is impregnated with the lubricating composition MS-20 + 4% WSe2 and MS-20
+ 4% WS2, the average frictional torque decreases by =53% and ~44% respectively in comparison with
the bushings impregnated with MS-20 lubricating oil.

The most stable moment of friction was shown by bushings impregnated with lubricating
composition MS-20 + 4% WS2, that may correspond with the shape of nanoparticles.
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ellas filtrs (16). Piedavats arl panémiens sakepinato 4
izstradajumu piesdcina8anai, izmantojot minéto iekartu.
Saskana ar minéto panémienu pieslcind$anas suspensiju
paklauj kavitacijai sajaucéja-dispergétaja (3) ar divkarso
cirkulaciju, [idz ijegdta homogéna suspensija, péc tam 1. 2m
suspensiju padod uz ddens un gaisa necaurlaidigu

pieslcinaSanas kameru (4), kura ir izvietoti izstradajumi (6),

kurus iztur suspensija 20 lidz 30 minites, no pieslcinaanas

kameras (4) atslikné gaisu un ellas tvaikus un padod tilpné

suspensijas sagatavo$anai. Pieslicind$anas procesa laika

piestcina8anas kamera (4) spiedienu neobligati paaugstina

I’dz 2 bar.lzgudrojumu var izmantot keramisko materidlu

razo$ana, koksnes un citu materialu piestcinasanai.
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