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Abstract

Pitting of worm wheel flanks is one of the main damage mechanisms that occur in worm pairs.
Due to their geometry, worm pairs are sensitive to manufacturing errors, and their influence on
damage mechanisms, namely pitting, has not yet been thoroughly studied. This doctoral thesis
investigates the influence of worm pair dimensional accuracy on pitting formation and
development. The goal was to correlate worm pair deviations with the occurrence of pitting and
to predict worm wheel flanks susceptible to pitting based on measured deviations. Also, three-
dimensional optical scans were employed in developing a finite element method model based
on real worm pair geometry. The model was used to obtain contact patterns and load and stress
distribution in worm pairs. If a specific worm wheel deviation distribution is present, it will
govern the pitting formation and development. However, if worm threads have distinct
differences, the unfavorable deviation present in one of the worm threads will induce the
majority of pitting on worm wheel flanks. If there is no specific distribution of deviations, the
locations of the most damaged and least damaged flanks can be explained by radial and axial
runout. Besides deviations, established contact patterns have a large influence on pitting

formation.

In worm pairs, a high degree of sliding paired with unfavorable oil-entraining geometry leads
to poor lubrication conditions and lower overall efficiency compared to other gear types. In
order to improve lubrication conditions in worm pairs, surface texturing was conducted through
electropolishing at higher current densities which produced surface texture in the form of
dimples and pits on a steel surface. Electropolishing, as a surface texturing method, was verified
through model testing of an electropolished steel-bronze pair. Results showed a reduced
coefficient of friction and faster running-in. Electropolishing was then applied to steel worms
to investigate the effects of surface texturing in worm pairs. Obtained results indicated
improved lubrication conditions as both worm pairs with electropolished worms showed higher
overall efficiencies and higher initial bronze wear, demonstrating a faster running-in process.
Surface texture with larger and shallower pits displayed better results in terms of efficiency and
pitting. Overall results indicate that surface texturing improves lubrication conditions in worm
pairs with possible promising applications in other machine elements characterized by highly

loaded non-conformal contacts.

Keywords: worm pair; pitting; deviations; 3D optical scanning; surface texturing;

electropolishing; efficiency; finite element method



Prosireni sazetak

Puzni parovi su strojni elementi koji se koriste u prijenosu snage i gibanja. Puzni par sastoji se
od puza i puznog kola. Puz je najCeS¢e pogonski, dok je kolo gonjeni element puznog para.
Puzni parovi karakteristicni su po visokom prijenosnom omjeru u jednom stupnju prijenosa te
kompaktnoj izvedbi. Kao i ostali strojni elementi, podlozni su mehanizmima o$tecenja medu
kojima su najizrazeniji klizno troSenje i rupicenje (eng. pitting). Rupicenje je posljedica umora
povrSine uslijed velikog broja ciklusa izmjena opterecenja koji su popraceni visokim
kontaktnim pritiscima. Manifestira se u odvajanju i ispadanju ¢estica materijala s povrsine boka
puznog kola $to dovodi do pojave rupica. Rupicenje je tip oStecenja koje je tesko izbjeci ¢ak i
u pravilnom radu puznog para. Puzno kolo moze normalno raditi ¢ak do 60% povrsine boka
zuba ostec¢ene rupi¢enjem. Opcenito, mehanizam i razvoj rupi¢enja dobro je poznat te detaljno
istrazen u podruéju zup¢anika s ravnim zubima, no u podru¢ju puznih parova nedostaje saznanja
o razli¢itim materijalima, radnim uvjetima te utjecaju geometrije na sam nastanak i razvoj
rupicenja. Kako je dosad u istrazivanjima pokazano da je rupicenje izrazito neujednaceno te je
teSko uspostaviti odredene zakonitosti, prvi cilj ovog istraZivanja je pobliZe povezati utjecaj
greSaka izrade, odnosno dimenzijske tocnosti puznog para, s pojavom i razvojem rupicenja.
GreSke u izradi mogu nepovoljno utjecati na raspodjelu opterecenja 1 naprezanja te na sliku

nosenja Sto u konacnici moze utjecati na razmjer oStecenja bokova puznog kola rupi¢enjem.

Drugi cilj ovog istrazivanja temelji se na nepovoljnim uvjetima podmazivanja, a Kkoji
predstavljaju jedan od glavnih nedostataka puznih parova. Nepovoljna geometrija puznog para
popracena s pretezito kliznim gibanjem u zahvatu rezultira losijim uvjetima podmazivanja.
Nedostatno podmazivanje uzorkuje povecane gubitke u sustavu, ubrzano troSenje, a u
ekstremnim slu¢ajevima rezultira naglim zatajenjem puZnog para uslijed zaribavanja. Takoder,
uvjeti podmazivanja jedan su od glavnih razloga manje iskoristivosti puznih parova naspram
ostalih tipova zupcéanika. RjeSenje u pogledu povecanja iskoristivosti i opcenito boljeg
podmazivanja dosad se pokuSalo rijeSiti upotrebom novih materijala puznih parova ili
varijacijama u samoj geometriji. U ovom radu cilj je promjenom teksture povrSine poboljsati
uvjete podmazivanja te time povecati iskoristivost puznih parova. Umjetno stvorene teksture
sastoje se od jamica koje mogu biti razli¢itih oblika i dimenzija te rasporedene u specificnim
rasporedima. Uloge takvih tekstura prvenstveno se oc€ituju u funkcijama kao $to su: sekundarno
podmazivanje, povecanje debljine uljnog filma, poboljsano odvodenje topline iz mjesta

kontakta, zadrzavanje Cestica nastalih troSenjem i smanjenje trenja. Teksture na povrSinama
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kreiraju se procesima kao $to su lasersko graviranje, jetkanje, sa¢marenje ili mehanic¢ko
utiskivanje. lako je primjena razli¢itih povrSinskih tekstura cest predmet triboloskih
istrazivanja, sama primjena i istrazivanje tekstura na zupcanicima je vrla rijetka i ogranic¢ena.
Razlog tomu su prvenstveno kompleksna geometrija i priroda dodira zupcanika u zahvatu
popracena visokim dodirnim pritiscima. Izuzev par istrazivanja provedenih na Celnicima s

ravnim zubima, primjena povrsinskih tekstura na puznim parovima dosad je neistrazena.

Kako bi se ispunila oba opisana cilja, istrazivanje je zapoceto paralelno u oba smjera. Stvarna
geometrija proizvedenih puznih parova dobivena je pomocu trodimenzionalnog (3D) optickog
skeniranja. Dobiveni podaci sadrze informacije o potpunoj geometriji puza i puznog kola iz
kojih su se naknadnom programskom obradom odredila odstupanja stvarne geometrije od
idealne, odnosno definirale devijacije izradenih puznih parova. Takoder, samo kuciSte puznog
prijenosnika je 3D opticki skenirano kako bi se utvrdile eventualne greske odstupanja osi
puznog para. Paralelno je provedena evaluacija postojec¢ih metoda za kreiranje povrSinskih
tekstura. Odabir najprikladnije metode proveden je uzimajuci u obzir geometriju puznog para,
jednostavnost 1 brzinu primjene, tocnost proizvedene geometrije te u konacnici cijene Samog
postupka. Kao najprikladnija metoda odabrano je elektropoliranje pri povisenim gustocama
struje. Elektropoliranjem pri povisenim gusto¢ama struje dolazi do nastanka jamica i kanalica
na povrsini obradivanog uzorka stvarajuci tako svojevrsnu povrsinsku teksturu. Za materijal
primjene odabran je cementirani ¢elik, odnosno materijal puza. Kako u radu puznog para dolazi
do izrazitog troSenja broncanog kola zbog manje tvrdoce i losijih mehanickih svojstava
(posebice u procesu uhodavanja), logi¢no je bilo povrSinsku teksturu proizvesti na tvrdoj
komponenti, odnosno ¢eli¢cnom puzu. 1z istog razloga, tekstura proizvedena na ¢elicnom puzu
trajat ¢e znatno duze nego ista proizvedena na bronc¢anom kolu. Verifikacija odabrane metode
provedena je modelskim ispitivanjem na paru materijala celik (16MnCr5)-bronca (CuSn12)
koji je ujedno i najucestaliji par materijala puznih parova. Rezultati ispitivanja ukazali su na
smanjeni faktor trenja i ubrzano uhodavanje para elektropolirani ¢elik-bronca u usporedbi s
konvencionalnim parom bruseni ¢elik-bronca. Kako je elektropoliranje polucilo pozitivne
rezultate modelskog ispitivanja, odluceno je da ¢e se elektropoliranjem proizvesti povrSinska
tekstura na puzu kako bi se utvrdio utjecaj promjene teksture povrSine na ponasanje puznog

para u radnim uvjetima.

Ispitivanje puznih parova provedeno je u sklopu Laboratorija za elemente strojeva Fakulteta
brodogradnje i strojarstva u Zagrebu. Ukupno je provedeno ispitivanje na $est puznih parova

(Cetiri puzna kola od materijala CuSn12, jedno puzno kolo od materijala AISn6 i jedno puzno

VIl



kolo od materijala CuAl10Fe5Ni5) od kojih su Cetiri obuhvacena u analizu rupicenja (tri puzna
kola od materijala CuSn12 i jedno puzno kolo od materijala AlSn6). Tijekom ispitivanja,
vrijednosti opterecenja, brzine vrtnje te temperature ulja bile su konstantne te kontinuirano
pracene. Dodatno, periodicki se ispitivanje zaustavljalo kako bi se provelo fotografsko
dokumentiranje bokova puznog kola u svrhu odredivanja povrsine boka zahvacene rupi¢enjem.
Za cijelo vrijeme ispitivanja posebna pozornost bila je usmjerena na pracenje iskoristivosti

puznog para.

Rezultati pracenja iskoristivosti koriSteni su kao generalni pokazatelj poboljSanja uvjeta
podmazivanja u puznim parovima s elektropoliranim puzem. Svi puzni parovi obuhvaceni ovim
dijelom ispitivanja su bili od materijala ¢elik (16MnCr5)-bronca (CuSn12). Oba puzna para s
elektropoliranim puzem imala su vecu iskoristivost od konvencionalnog puznog para.
Spomenuto je posebice bilo vidljivo kod elektropoliranog puza s ve¢im, ali pli¢im jamicama.
Takoder, oba puzna para imala su veée troSenje broncanog kola, Sto je opet posebice bilo
prisutno kod ranije spomenutog puza. Povecano troSenje moze se pripisati periodu uhodavanja
1 kao takvo ne smatra se loSom pojavom. Dapace, puzni par s najve¢im troSenjem imao je
najvisu iskoristivost te najmanje rupicenje bokova. Povrh povecane iskoristivosti, jedan od
puznih parova s elektropoliranim puzem radio je s punom slikom noSenja koja se u pravilu
izbjegava zbog onemoguéenog ulaska ulja u podruéje zahvata Sto drasti¢no povecava opasnost
od pojave zaribavanja. Za potrebe usporedbe i potvrde teorije, provedeno je dodatno ispitivanje
jednog konvencionalnog puznog para s uspostavljenom punom slikom nosenja. Na navedenom
puznom paru doslo je do zaribavanja u dva navrata, prilikom ¢ega je drugi put bio i katastrofalan
te je rezultirao prijevremenim prekidom ispitivanja. Na temelju rezultata iskoristivosti i
uspostave funkcionalne pune slike noSenja moZe se zakljuciti da povrSinska tekstura

proizvedena elektropoliranjem poboljSava uvjete podmazivanja puznih parova.

Rupicenje je praceno na ukupno Cetiri puzna para preko fotografija oStecenih bokova u relativno
jednakim vremenskim intervalima. Zbog same geometrije istrazivanih puznih parova, svaki
pojedini voj dvovojnog puza bio je konstantno u zahvatu s istim bokovima puznog kola (parnim
ili neparnim). Takva specificnost puznog para je donekle istaknula razlike u procesu rupi¢enja
na pojedinim bokovima. Svaki od puznih parova obraden ja zasebno zbog specifi¢nosti koje su
bile prisutne bilo u rasporedu gresaka, razlici ispitivanih materijala puznog kola ili povrsinskoj
teksturi puza (bruseni puz; elektropolirani puz). Rezultati rupicenja ukazuju na povezanost s
greskama u izradi puza ili puznog kola. Ukoliko postoji jasna razlika izmedu dva voja puza,

kao $to je slucaj greske profila boka na jednom od puzeva, tada ¢e ta greska diktirati zakonitost
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pojave rupicenja na bokovima puznog kola. Ako ne postoje razlike u vojevima puza, a postoji
specificna raspodjela greske koraka puznog kola, razvoj rupicenja bit ¢e uvjetovan upravo
specificnom raspodjelom spomenute greske. Opcenito je za ocCekivati da greska koraka igra
veliku ulogu u nastanku rupicenja jer direktno utjece na raspodjelu optere¢enja medu zubima u
zahvatu. Ukoliko ne postoji zakonitost ili specifi¢nost u raspodjeli neke od gresaka, veé su
greske stohasticki distribuirane, razlike medu zubima s najveéim i najmanjim udjelom rupicenja
mogu se povezati s raspodjelom radijalne i aksijalne to¢nosti vrtnje. Opcenito se u literaturi
rupi¢enje predvida pomocu broja ciklusa opterecenja te se razmatra u obliku prosje¢nog
rupicenja svih bokova puznog kola. U ovom istrazivanju predstavljeni su linearni modeli koji
opisuju rupicenje pojedinog boka puznog kola pomocu broja ciklusa opterecenja i izmjerenih

greSaka puznog kola.

Koriste¢i 3D opticke skenove puznih parova uspostavljen je numericki model pomocu metode
kona¢nih elemenata. Model je koriSten za analizu slike noSenja i raspodjele optereéenja i
naprezanja na bokovima puznog kola. Predlozeni model verificiran je s aktualnom normom te
validiran na temelju slika nosenja ostvarenih u eksperimentalnim istraZivanjima. Rezultati
dobiveni modelom ukazuju na velike razlike naspram teoretskih pretpostavki te upucuju na
kontinuiranu promjenu slike nosenja uslijed trosenja bokova puznog kola. Za razliku od modela
koji u pravilu koriste idealnu geometriju promatranih komponenti, cilj ovog modela bilo je
prikazati stanje puznih parova temeljeno na stvarnoj geometriji te tako omoguciti realniju

simulaciju uvjeta rada.

Posljednje poglavlje sazima provedeno istrazivanje, sadrzi zakljucke 1 ogranicenja istrazivanja
te prijedloge mogucih smjerova buducih istrazivanja. Takoder, izneseni su znanstveni doprinosi

ovog doktorskog rada.

Kljuéne rije€i: puzni par; rupicenje; greske; 3D opticko skeniranje; povrsinska tekstura,

elektropoliranje; iskoristivost; metoda konacnih elemenata
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Introduction

Worm pairs are commonly used machine elements for power transmission, especially
where a high transmission ratio in a single gear stage is required. A worm is often driving, and
a worm wheel is a driven part of a worm pair. As in other gear types, damage mechanisms that
occur in worm pairs are wear, pitting, tooth breakage, and scuffing. While tooth breakage and
scuffing rarely occur, wear and pitting are common during regular working conditions. Due to
their geometry, worm pairs are sensitive to manufacturing and assembly errors [1], and their
influence on damage mechanisms, namely pitting, has not been thoroughly studied yet.
Therefore, further investigation is required to address the influence of the dimensional accuracy
of worm pairs on pitting formation more accurately. Additionally, worm pair meshing is
characterized by prevailing sliding action which enables smooth running but results in
considerable frictional power loss and lower efficiency than other gear types. Furthermore,
specific worm pair geometry causes unfavorable lubricating conditions, contributing to the
abovementioned problems. Surface modification, such as surface texturing, changes the
topography of the surface with the goal of improving lubrication conditions. Applying surface
texturing in worm pairs is challenging due to complex geometry, tight tolerances, and high
loads. However, potential benefits would result in better lubrication conditions and
consequently higher gearbox efficiency. Therefore, an opportunity arises to investigate the

surface modification approach and its influence on worm pair operating conditions.



1.1 Motivation

As mentioned in the previous section, pitting is a common damage mechanism that
could occur even in normal operating conditions [2]. Pitting occurs on worm wheel tooth flanks
as the worm wheel is usually made from a softer material, mostly bronze, and paired with a
hardened steel worm. The existing standards [3,4] address pitting durability by limiting the
value of contact stress. Such calculation requires a complete contact pattern which is rarely the
case in practice as worm wheels are produced using an oversized hob. Such a concept results
in an incomplete contact pattern, but on the other hand, improves lubrication conditions and
reduces sensitivity to manufacturing and assembly errors [5]. The 1SO TS/14521 standard [3]
provides calculation for three stages of pitting: the beginning of pitting (defined by pitting area
Ar10 = 2%), the pitting growth stage, and the wear stage. Worm pairs can operate even when
pitted areas exceed 60% of worm wheel tooth flank area which is an interesting phenomenon
compared to other types of damage mechanisms. Also, pitting may or may not directly impact
efficiency loss [6]. However, the provided calculation is relevant for specific materials and
boundary conditions while the data for other material combinations, lubrication types, and

worm pair geometry are scarce.

Pitting formation and development are usually uneven across worm wheel tooth flanks. This
phenomenon is supported through standards [3,4] where the referent value of pitted area Apio is
defined as the mean value of the pitting percentage of 10% of the most damaged teeth. Other
research showed that pitting overlap on multiple teeth can be as low as 1.39% or as high as 50%
[7]. Also, the pitting percentage on different tooth flanks of the same worm wheel can range
from 1% to 30% [8]. In contrast, the pitting can also diminish through excessive worm wheel
wear. Due to sliding wear, material defects, operating conditions, and dimensional accuracy of
the worm pair, contact geometry changes throughout the worm pair lifetime, and pitting
formation can theoretically occur anywhere on the worm wheel tooth flank.

To better understand the uneven occurrence of pitting in worm wheels, further research should
be conducted to interpret the influence of worm pair dimensional accuracy on pitting formation.
While the effect of tooth spacing errors and shaft misalignments has been addressed through a
computational model [9], other errors mentioned in standards concerning the accuracy of
worms and worm wheels [10,11] have not been researched and thoroughly discussed. This

provides an opportunity to better define and understand the correlation between worm pair



dimensional accuracy and pitting formation to provide new guidelines regarding worm pair

inspection and damage prevention.

One of the major drawbacks of worm pairs compared to other gear types is significantly lower
efficiency primarily caused by dominant sliding action during meshing. Typical high-ratio
designs are characterized by mechanical efficiency of 70-80% compared to 95% in parallel axis
gear units [12]. A high degree of sliding paired with unfavorable oil-entraining geometry leads
to poor lubrication conditions. Worm pair geometry is well known, and several flank types are
commonly used (e.g., ZA, ZN, ZE, ZK flank types). A typical worm pair consists of a steel
worm and a bronze wheel. This material pair is characterized by a low coefficient of friction
and low metallic compatibility which makes it resistant to scuffing. Intending to improve
lubrication conditions, researchers investigated new material pairs with better tribological
properties [13,14]. In addition, researchers have focused on new geometry types characterized
by better load-carrying capabilities and better lubricating conditions [15-17]. However, among
available studies, there has not been any effort to employ surface modification as a potential

method to achieve better lubrication in worm pairs, namely steel-bronze material pair.

Surface modification of metal surfaces is often conducted to reduce wear and friction and
subsequently improve lubrication conditions. Surfaces are usually modified by employing
surface coatings or by altering surface topography. The change in surface topography is
frequently achieved by producing a surface texture [18]. If surface modification would result in
better lubrication conditions, the benefits would be mainly visible in higher worm pair
efficiency. It was estimated that an increase of 5% in the overall efficiency of worm drives in
the United States would save approximately 0.6 billion USD per annum. This estimation does
not include worm drives rated under 5 HP [19]. Implementing surface texturing on gears is
relatively challenging due to complex geometry, tight tolerances, high loads, and roughness
requirements. Additionally, many gears are case-carburized and the impact of surface texturing
methods, such as laser surface texturing, may severely reduce surface hardness [20]. These
limitations present a challenge in finding and applying appropriate surface modification
techniques to complex worm pair geometry while being sufficiently simple, fast, and cost-
effective.



1.2 Defining the research gap

As portrayed in the previous section, a relationship between worm pair dimensional
accuracy and pitting is required to better understand pitting formation and development as
pitting is a common damage mechanism that occurs on worm wheel tooth flanks even in normal

operating conditions.

Many studies on load distribution, pitting, and wear in worm wheels have been conducted.
Simon [9,21-23] researched load distribution in worm pairs. The tooth spacing error worsens
the load sharing among tooth pairs, possibly eliminating one of the tooth pairs from contact [9].
Modifications induced by manufacturing the worm wheel with an oversized hob considerably
increase contact pressures, load distribution, and transmission error. Nevertheless, such
modifications reduce the sensitivity of worm pairs to misalignments and errors [21]. An
oversized hob accompanied by a machine tool setting angle error can increase contact stresses
up to 100% [22]. Falah et al. [24] concluded that assembly errors worsen load distribution
among worm wheel teeth which can lead to premature pitting failure at the tooth surface. While
the effect of center distance error can be reduced using an oversized hob, the angular
misalignment of either worm or wheel shafts tends to increase contact stresses on one side of
the tooth flank and reduce them on the other. Opali¢ et al. [7] formulated the dependence of a
pitted area with the number of load cycles and identified uneven pitting on worm wheel teeth
flanks. Zezelj [25] investigated pitting location and pitted area percentage on AISn6 and
CuSnl12 bronze worm wheel teeth flanks using digital imaging and computer vision
applications. The difference in the pitted area between teeth of the same worm wheel was up to
50%. Stahl et al. [26] investigated pitting on larger center distance worm pairs. The pitting
location on the worm wheel tooth flank was influenced by the minimum equivalent radius of
curvature and the highest Hertzian stress found on the leaving side of the flank. Additionally,
pitting growth in the affected areas of the tooth flanks was very consistent. Oppositely to Stahl
et al. [26], Sievers et al. [8] investigated the pitting of bronze worm wheels. Results showed
uneven pitting area distribution between 1% and 30% for teeth flanks of the same worm wheel.
Multiple investigations reported that with an increase in pitting percentage, the worm pair
efficiency remained the same or even increased [6,8,25]. This suggests pitting might be

favorable regarding pits acting like oil micro reservoirs, thus improving lubrication conditions.

Jbily et al. [27] created a model based on the abrasive wear of a worm wheel. The model was

evaluated with experimental results and showed a good correlation. However, the pitting



phenomenon was not considered. As pitting reduces tooth contact area, the increased contact
stresses can induce even more pitting or a faster wear rate. Sharif et al. [28] developed a wear
model based on EHL elastohydrodynamic analysis and concluded that the wear pattern was
mainly influenced by oil film thickness. Oil film thickness is expected to be the thinnest or even
non-existent in the middle part of the wheel tooth flank area where the highest wear rate occurs
until sufficient material is removed to relieve the pressure locally and thereby reduce the wear
rate. Octrue [29] studied the relationship between wear and pitting phenomena in worm gears.
Increased wear can eliminate the pitted area from the tooth flank. Moreover, material
heterogeneity can produce non-homogeneity of tooth-to-tooth wear and result in pitch errors,

leading to bad load sharing between teeth.

Based on earlier sections, the conclusion arises that lubrication conditions in worm pairs are
poor compared to other gear types. Relatively unfavorable entraining geometry of typical worm
pair designs creates poor film-forming characteristics and causes main limitations of lower load
capacity and efficiency [12]. Sharif et al. [12,30] and Kong et al. [31] developed the elastic
contact model and elastohydrodynamic (EHD) lubrication of worm pairs. According to the
proposed model, the authors pointed out a zone of dry contact on the worm wheel teeth flank
where temperature increased by 45°C compared to the outer regions of the contact zone. While
commonly paired hardened worm steel and bronze worm wheel is a well-known material
combination, some authors conducted studies towards improving lubrication conditions by
employing new materials. Fontanari et al. [2,13] investigated wear damage mechanisms in
steel-bronze and alloy steel-cast iron pairs under a mixed lubrication regime, commonly used
to describe the tribological system in worm pairs. Cast iron showed a lower wear rate,
suggesting that an alternative material may perform better than bronze. Benedetti et al. [14]
investigated various coatings on steel-steel tribo-pairs. The results showed improved wear
resistance compared to conventionally used bronze. Simon [17] proposed the improved
geometry of worm drives to improve load distribution and lubrication. The new type of worm

gearing had higher EHD load-carrying capacity and lower power losses.

From the earlier paragraph, it is evident that various studies were conducted to understand and
improve lubrication conditions in worm pairs and consequently to investigate wear mechanisms
in different material pairs. However, no studies were found where surface modification was
employed to improve lubrication properties in steel-bronze, or worm pairs. Surface
modification of metal surfaces is carried out to reduce wear and friction between contacting

surfaces. This is often correlated with improving lubrication conditions, characterized by better



lubricant supply, improved film thickness, debris entrapment, enhanced heat dissipation, etc.
Surfaces are usually modified by changing surface topography or employing surface coatings.
The change in surface topography is frequently achieved by producing a surface texture.
Common techniques used for surface texturing include laser surface texturing (LST),
electrochemical etching, and micro-machining [20,32,33]. Surface textures are characterized
by micro-cavities with multiple beneficial functions: entrapment of wear debris, secondary oil
effect, friction reduction, and an increase in the oil film thickness [20]. Since worm and worm
wheel contact can be described as a tribological system characterized by non-conformal contact
under a mixed lubrication regime [2,13], it is important to acknowledge the corresponding
advantages of surface texturing in such a system. Surface textures have been frequently
investigated in boundary and mixed lubrication regimes. Vrbka et al. [34,35] investigated the
effect of surface texturing in mixed lubricated non-conformal contacts. The authors observed
that shallow micro-dents and textures increased the oil film thickness and the rolling contact
fatigue life. Krupka et al. [36] observed that shallow pits work as lubricant micro-reservoirs,
while deep grooves cause oil film thickness reduction in mixed lubricated non-conformal
contacts. Ali et al. [37] investigated textured surfaces in high load boundary lubrication
conditions. Textured surfaces reduced the friction and contributed to the creation of an extra
hydrodynamic lift effect. Galda et al. [38] studied surfaces textured with spherical oil pockets.
Results showed an increase in the oil film thickness and a reduction of the coefficient of friction
compared to the untextured surface. Dimple density smaller than 20% of the area and dimple
depth-to-length ratios between 0.03 and 0.08 proved beneficial. Kovalchenko et al. [32]
explored laser textured surface behavior under non-conformal sliding contact. The textured
surface substantially reduced friction coefficients and increased the sliding speed under mixed
lubrication. The dimple density area was either 12% or 15%, while the dimple depth-to-length
ratios were 0.07 and 0.086. In addition to surface texturing techniques mentioned earlier, other
techniques such as shot peening (shot blasting), and electropolishing can also produce surface
textures. Li et al. [39] shot peened specimens made of gear steel. A positive influence on the
friction coefficient reduction was attributed to the dimpled surface, particularly if fine particle
peening is used. Nakatsuji and Mori [40,41] investigated the electropolished surfaces of
medium-carbon steel. The produced surface had many pores/pits and shallow dimples that

encouraged the creation of the oil film, consequently exhibiting longer pitting durability.

Implementing surface texturing in gears is challenging due to relatively complex geometry,

tight tolerances, high loads, and surface roughness requirements. Additionally, many gears are



case-carburized. Therefore, the impact of a certain surface texturing method, such as the laser
source, may severely reduce surface hardness [20]. Usually, lubrication conditions in gears are
improved by grounding or superfinishing [42]. However, gear surface texture can also be
indirectly achieved, i.e., by electropolishing. Nakatsuji and Mori [41,43] applied previous
findings in electropolished surfaces to medium carbon steel gears. The produced surface had
many micropores and oxidized and phosphoric compounds that encouraged the creation of the
oil film, consequently improving the pitting and scuffing durability. Some recent studies
focused on the surface texturing of gears or gear steel. Gupta et al. chemically etched [44] and
laser textured [45] spur gear teeth flanks, producing a dimpled surface. Results showed reduced
wear and a significant decrease in vibration amplitudes. Petare et al. [46] laser textured helical
and straight bevel gears. The results showed friction reduction and higher wear resistance than
untextured gears. Based on the literature overview, most of the research was conducted on spur
gears, presumably because the spur gear tooth flank is the most “approachable” (from the
geometrical standpoint) for laser texturing or etching. The application of surface texturing in
other types of gears and materials, apart from steel spur gears, has yet to be more thoroughly

investigated.

After carrying out a detailed overview of the existing studies related to this investigation, it can
be concluded that besides a few analytical studies, the relationship between dimensional
accuracy and pitting in worm pairs is not sufficiently investigated. Even though there are some
indications and reports on the influence of certain errors on increased contact stresses, there is
a gap in quantitative and qualitative relation between dimensional accuracy and pitting
formation. Furthermore, the problem of poor lubrication conditions in worm pairs has been
addressed by investigating and developing wear and contact models, proposing improved
geometry, and employing new material pairs to reduce friction and wear. Although researched
in various types of contacts, materials and spur gears, the surface modification approach has
not yet been applied to worm pairs, focusing on improving lubrication conditions and overall

efficiency.

By measuring and investigating specific worm pair deviations, their influence on pitting
formation and development on worm wheel tooth flanks is presented. Moreover, differentiation
between influential and less important deviations in terms of pitting formation is made. Models
of pitting formation based on the number of load cycles and worm pair dimensional accuracy
are provided based on experimental investigation. Also, the finite element method (FEM) model

based on a real, non-ideal, worm pair geometry is developed to investigate load and stress



distribution and influence of deviations on values of contact pressures. Additionally, model
testing is used to verify the selected surface texturing method in a steel-bronze pair to gain
further insight into surface texturing possibilities in worm pairs. Lastly, surface texturing is
applied to a steel-bronze worm pair, and the results, focusing on pitting formation and gearbox

efficiency, are compared to a conventional worm pair.

1.3 Hypotheses

This doctoral thesis has two main objectives, each supported by its appropriate

hypothesis formulation.

The first objective is to analyze the dimensional accuracy of the worm pair, namely the worm
wheel, and relate the deviations and errors with pitting formation and development. This
objective aims to improve the understanding of the uneven pitting phenomenon in worm

wheels.

Hypothesis 1:
By analyzing worm wheel dimensional accuracy and its influence on load and stress
distribution, it is possible to define worm wheel tooth flank pitting initial location and

pitting formation more accurately.

The second objective is to apply surface modification in the form of surface texturing on either
the worm or worm wheel tooth flank. The aim is to improve poor lubrication conditions present
in worm pairs. Improved lubrication conditions should be manifested in better efficiency, lower

wear, or lower pitting percentage.

Hypothesis 2:
By employing surface texturing on a worm or worm wheel tooth flank, it is possible to

improve worm pair lubrication conditions.



1.4 Methodology

The research conducted within the scope of this doctoral thesis started with a

dimensional inspection

successfully be applied

of worm pairs and the selection of a surface texturing method that can

to worm pairs. Then, the model testing on simple steel-bronze geometry

was conducted to validate the selected method and its applicability in steel-bronze pair. This

was followed by exper

imental testing of conventional and textured worm pairs and concluded

with evaluation of the results. The research plan is schematically shown in Figure 1.
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Figure 1. Schematic representation of the research plan



This research is divided into four main phases:

1)

2)

Phase 1: Literature review

Defining the research gap refers to choosing an area that has not been sufficiently
investigated in the field of study. This was carried out through an extensive literature
overview of the relevant studies. Based on the literature overview, a motivation for
investigating the influence of dimensional accuracy on pitting formation and
implementation of surface texturing in worm pairs appeared. However, the literature
overview is a continuous process in which the latest and most relevant studies are always

kept track of.

Phase 2: Dimensional inspection of worm pairs and selection of surface texturing
method. Verification of selected surface texturing method by model testing.

Dimensional inspection of worm pairs was conducted using 3D optical scanning. It
provided an ability to capture the entire geometry of complex parts, such as worm pairs,
with sufficient accuracy and precision. Additionally, the worm pairs housing was
scanned which enabled the inclusion of housing errors into future evaluation. The
scanned data was processed and deviations concerning the accuracy of worms and worm
wheels were measured according to standards [10,11]. Obtained 3D optical scans were
used in developing the finite element method (FEM) model. The model was used for
analyzing load and stress distribution, contact pattern, and contact ratio in worm pairs

represented by actual geometry.

Alongside dimensional inspection, the appropriate surface texturing method was
carefully selected. Among many available methods, electropolishing at high current
potentials was chosen as it is relatively simple and easily applicable to complex
geometry. Such method produces surface topography with many pits and canals that
function as oil reservoirs and micro-hydrodynamic bearings. The electropolishing was
applied to the steel worm as the bronze worm wheel wears significantly more than steel.
Therefore, any surface texture introduced on steel will last considerably longer,
producing longer-lasting benefits of a surface topography change. The model testing on
simple geometry (block-on-disc setup) was conducted to validate the chosen method.
The results of model testing will be presented in detail in the thesis and can be found in

published paper [18].
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3) Phase 3: Experimental testing of worm pairs
Worm pairs, both conventional and surface textured, were experimentally tested using
an already developed testing rig [25] which was further upgraded as a part of this
research. Pitting formation and development were monitored using digital image
acquisition and post-processing. Besides pitting, gearbox efficiency was constantly
monitored as it is one of the main indicators of improved lubrication conditions. In
addition to tests carried out on 16MnCr5 steel and CuSn12 bronze pairs, tests with
16MnCr5-AISn6 and 16MnCr5-CuAl10Fe5Ni5 pairs were also conducted. Following

the experimental tests, the worm pairs were once more 3D optically scanned.

4) Phase 4: Results evaluation
As mentioned earlier, the pitting percentage on worm wheel tooth flanks was measured
through digital image processing and correlated with measured deviations. Locations of
pitting formation were investigated based on digital images, measured deviations, and
developed FEM model. A model of pitting formation based on the number of load cycles
and worm pair dimensional accuracy is provided upon experimental tests carried out in
phase 3. Worm wheel wear was investigated in terms of worm wheel tooth thickness
measured before and after experimental tests. The comparison between conventional

and surface textured worm pairs was presented.

To summarize, the dimensional inspection of worm pairs was conducted after defining the
research gap (phase 1). Alongside the inspection, electropolishing was selected as the
appropriate surface texturing method. The model testing on simple geometry (block-on-disc
setup) was carried out to validate the selected method (phase 2). Worm pairs, both conventional
and surface textured, were experimentally tested while pitting formation was constantly
monitored through digital image acquisition. Besides the usual steel-bronze, additional material
pairs were also tested (phase 3). Lastly, the acquired data was evaluated and interpreted. Pitting
percentage and location were correlated with measured worm pair deviations, and the model of
pitting formation based on the number of load cycles and worm pair dimensional accuracy was
provided. Furthermore, the comparison between conventional and surface textured worm pairs

was presented (phase 4).
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1.5 Expected scientific contribution

The measured deviations will be used to model worm wheel tooth flank pitting by
analyzing worm pair dimensional accuracy. The model will consider the number of load cycles
and dimensional accuracy of the worm pair to model and predict pitting on worm wheel tooth
flanks. This will enable qualitative and quantitative representation of the influence of worm pair
dimensional accuracy on tooth flank pitting. A better understanding of the abovementioned
relation will help outline the deviations that have a greater impact on pitting formation and

therefore should be more carefully considered during worm pair manufacturing and inspection.

Employing surface texturing in worm pairs will improve lubrication conditions manifested
primarily through higher efficiency. Higher efficiency results in lower energy losses and
therefore cost savings. As higher efficiency is directly linked to lower friction in the contact
zone, lower damage in terms of wear and pitting can be expected. This would prolong the worm
pair service life and improve the cost-effectiveness of the gear design. Moreover, as surface
texturing will be carried out through electropolishing at elevated potentials, the surface
topography change of electropolished case-carburized 16MnCr5 steel will be presented. This
will establish a foundation for possible future experimental studies focused on electropolishing
other gear materials, namely hardened steels, which are not usually considered or investigated

in such a manner.

1.6 Thesis layout

This doctoral thesis consists of ten chapters. The research gap regarding the pitting and
poor lubrication conditions in worm pairs along with research motivation was presented in the
introductory chapter. Existing studies that helped define the research methodology and
formulate the hypotheses were portrayed. Lastly, the expected scientific contribution of the

doctoral thesis was conveyed.

The second chapter presents a more detailed description of the worm pair geometry, materials,
lubrication, and worm wheel manufacturing is presented. Mechanical properties and chemical
composition of worm and worm wheel materials are provided. Also, the properties of
lubrication oil used in the experimental tests are presented. Lastly, the specifics of worm wheel

manufacturing are discussed.

The third chapter describes the damage mechanisms in worm pairs, focusing on pitting and
wear. The pitting and wear resistance calculation procedures are carried out according to the
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ISO/TS 14521 standard. Other relevant pitting resistance calculation studies from the literature

are presented and mutually compared.

The fourth chapter deals with dimensional accuracy in worm pairs. The deviations of worm
pairs outlined in the DIN 3974 standard are covered in detail in this chapter. The 3D optical
scanning method used for dimensional inspection of worm pairs is presented and compared to
other methods commonly employed in gear inspection. The worm pair scanning process is
described. Finally, scanned data processing is explained through examples of scan alignment

and deviation measurements.

The fifth chapter deals with the topic of surface texturing. Most common surface texturing
methods are presented. The emphasis is placed on surface texturing in gears due to their
complex geometry that is not equally suited for all surface texturing methods. The selection of
an appropriate surface texturing method to be applied in worm pairs was carried out. Based on
evaluation criteria, electropolishing was chosen as a promising method that first needs to be
evaluated through model testing.

The sixth chapter presents the model testing results of the electropolished steel-bronze pair. The
electropolishing procedure and the effect of electropolishing parameters on the surface
topography of case-carburized 16MnCr5 steel are presented and explained. The results are
compared to the results of the ground steel-bronze pair in terms of coefficient of friction, wear,

surface topography, and chemical composition modifications.

In the seventh chapter, the finite element method (FEM) model developed for evaluating load
and stress distribution in worm pairs is presented. The model is focused on real geometry worm
pairs, meaning it is used to investigate worm pairs “as manufactured”, rather than ideal worm
pair geometry. The goal of the FEM model is to gain a better understanding of how real
geometry affects load and stress distribution in worm pairs. The FEM model is verified with
ISO/TS 14521 standard.

The eighth chapter covers the experimental setup employed for worm pair testing. Also, the
worm pair testing procedure, running-in process, digital imaging of the worm wheel flank, and

image post-processing are explained in detail.

In the ninth chapter, the results of worm pair experimental tests are presented and compared to
existing literature. The results include worm pair efficiency, pitting, and worm wheel tooth

flank wear. Also, the influence of dimensional accuracy on worm wheel pitting formation is
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presented by analyzing worm pair deviations obtained through 3D optical scanning. Lastly, the
results obtained through developed the FEM model are used to analyze the contact pattern,

contact ratio, and load and stress distribution in worm pairs.

In the tenth and final chapter, the conclusions are drawn, research limitations are presented, and

future work is discussed.
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Worm pair properties

In this chapter, a more detailed description of the worm pair geometry, materials,
lubrication, and worm wheel manufacturing is presented. In the geometry section, a brief
overview of the ZN-type worm pair used in this research is provided. In the materials section,
the mechanical properties and chemical composition of worm and worm wheel materials are
given. The lubrication section deals with problematic and poor lubrication conditions in worm
pairs and the expected types of lubrication regimes that occur in worm pairs. Also, the properties
of lubrication oil used in the experimental tests are provided. Lastly, the specifics of worm
wheel manufacturing are discussed. The advantages and disadvantages of the oversized hob/fly
cutter manufacturing method are described and details regarding expected contact patterns are

outlined.
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2.1 General characteristics

The worm pair consists of a worm and worm wheel (Figure 2). The worm is usually

manufactured as a shaft, while the worm wheel is manufactured as a separate part and

assembled with a hub on its shaft. They are widely used for systems with non-parallel axes,

primarily perpendicular, although different angles are achievable. Some examples include lifts

and elevators, presses, conveyor belts, automotive steering systems, rotary tables, and speed

reducers in motors. The advantages and disadvantages of worm pairs are listed in Table 1 [47—

50]:

Table 1. Advantages and disadvantages of worm pairs

Advantages:

A large transmission ratio in one gear stage allows for a compact design.

Low noise and vibration due to dominant sliding motion

Relatively high load-bearing capacity as multiple teeth are usually in the mesh.

The capacity for heavy shock loading

The ability to self-lock which can be exploited in lifting equipment, rapid braking, or
holding the desired position

Relatively good efficiency in worm pairs with multiple worm threads

Disadvantages:

Lower efficiency compared to cylindrical and bevel gears
Frictional heat generation requires continuous lubrication and heat dissipation
Highly sensitive to assembly errors (center distance change, shaft angles, and axial

displacements).

Figure 2. Worm pair
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Based on the shape, the worm and/or worm wheel can be cylindrical or throated (globoidal). If
one member is throated the designation single-enveloping. In contrast, if both members are
throated the designation double-enveloping is used [50]. There are three possible configurations
of the worm pair (Figure 3):

a) Cylindrical worm and throated worm wheel (single-enveloping worm pair)

b) Throated worm and cylindrical worm wheel (single-enveloping worm pair)

c) Throated worm and throated worm wheel (double-enveloping worm pair)

.

Figure 3. Worm pair configurations [47]

Additionally, based on the worm wheel design, the active worm wheel face width may differ
from the worm wheel rim width [51]. The three possible designs are shown in Figure 4. The
worm can have one or multiple threads which can be left or right-hand oriented. The worm pair
ratio is calculated as the ratio of worm wheel teeth z; and worm threads z;.
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Figure 4. Worm wheel face width, according to [51]
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Depending on the method of generation and geometry of cylindrical worms, typical profiles of
cylindrical worms are: type A (ZA worm), type | (ZI worm), type N (ZN worm), type K (ZK
worm) and type C (ZC worm) [51]. This research uses double-threaded right-hand ZN worms
and throated (globoidal) worm wheels. A further mention of the worm pair in this thesis refers

to the configuration mentioned above.

2.2 Geometry and manufacturing of ZN worm pairs

The ZN worm is typically cut in a lathe by a straight-edged trapezoidal turning tool,
although the form can be obtained by milling and skiving. The tool with normal pressure angle
ao is inclined for a lead angle ym: from the worm axis; thus, the tool edge angle equals the
pressure angle in the normal section (ao = an) (Figure 5). The resulting profile is straight-lined
in a normal section and slightly concave in an axial plane [47-49,51,52]. The basic dimensions

of the ZN worm pair are presented in Figure 6.
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Figure 6. Basic dimensions of ZN worm pair [25]
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The worm wheel is usually produced by hob using the radial feed method (the hob is radially
fed into the worm wheel blank until full cutting is completed). Theoretically, if the hob has the
same dimensions, number of threads, and lead angle as a mating worm, the result is a fully
conjugated worm pair. This produces instantaneous line contacts between worm and worm
wheel tooth surfaces. However, since the hob sharpening reduces its dimensions, the worm
wheel produced by the undersized hob creates an unacceptable split outer edge contact pattern
(Figure 7).

Figure 7. Split contact pattern due to hob undersize [52]

Additionally, such a manufacturing method would be uneconomical and impractical as hob life
would be limited, and the produced worm pair would be highly sensitive to manufacturing and
assembly errors. The oversized hob is used in worm wheel manufacturing to mitigate the
abovementioned problems. An oversized hob reduces the sensitivity of the worm pair to
alignment errors and transforms line contacts into localized elliptical contacts; thus, the worm
pair becomes “mismatched” [22]. Also, the hob is often adjusted at a small angle to position
the contact toward the leaving side of the worm wheel tooth. This improves the oil supply in
the contact zone. On the other hand, employing oversized hob worsens meshing characteristics.
The contact pressures in worm pair processed with oversized hob are significantly higher than
in conjugated pair (Figure 8). Additionally, small tool settings errors greatly impact maximum
contact pressure and the transmission error of the worm pair [22,23]. Nevertheless, the worm
pair is always adjusted at the start of the operation in a process known as the running-in. Under
lighter loads, the softer worm wheel conforms to a harder worm until the desired contact pattern
is achieved (Figure 9). Therefore, the modifications induced using an oversized hob are
somewhat mitigated and more uniform contact pressure distribution is achieved. However, the
use of an oversized hob creates meshing conditions far from theoretical, especially regarding

contact pressure values, which are not accounted for in calculations in present standards.
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Legend:
F - face width
“A”- Acceptable
“MA” - Marginally acceptable
“NA” - Not acceptable

A - ideal contact pattern with clearance on the entering side
which allows for the lubricant to be carried into contact zone

B - Center contact - “A”

C - Leaving side contact - “A

D - High central contact - “A”

E - Full central contact - “A”

F - Low central contact - “A”

G - Narrow central contact - “MA”

H - Narrow leaving contact - “MA”

I - Split contact - “MA”

J - Entering side contact - “NA”

K - Entry edge - split - “NA”

L - Leaving edge - split/drop - “NA”

M - Top edge - “NA”

N - Short central - “NA”

O - Bottom edge - “NA”

2

Figure 9. Types of contact patterns [5]

The worm pair used in this research was also used in many previous studies. Zezelj [25] and

Opali¢ [53] investigated pitting areas and the correlation between pitting and the number of

load cycles in worm wheels made of CuSn12 and AlSn6. Rakamari¢ [54] studied the influence
of oil on sliding wear in worm wheels made of CuSn12, AISn6, and CuAl10Fe5Ni5. Pani¢ [55]

researched the wear and tribocorossion of worm wheels made of CuAl10Fe5Ni5. Technical
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drawings of the worm and worm wheel used in previous studies, and this research, are presented
in Figure 10.
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Figure 10. Worm pair - technical drawings [25]
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2.3 Materials

In worm pairs, it is a known practice to pair ‘hard’ and ‘soft’ material, i.e., a hardened
steel worm and a bronze wheel. This pair is characterized by a low coefficient of friction and
resistance to scuffing due to low metallic compatibility [2,3,56]. Since bronze has considerably
lower mechanical properties than steel, most damage and failure, mainly sliding wear and
pitting, occur on the worm wheel. This section will provide a detailed description of worm and

worm wheel materials used in experimental procedures conducted in this research.

2.3.1 Worm material

The worm is made from surface-hardened (case-carburized) 16MnCr5 steel. The surface
was finely ground to achieve low surface roughness. This particular steel is often used as a
standard reference worm material [3,4]. The chemical composition of 16MnCr5 steel is given

in Table 2 while mechanical properties are presented in Table 3.

Table 2. Chemical composition of 16MnCr5 steel, wt.%

16MnCr5 | C Si Mn P S Cr Ni Mo As Al Cu
0.19 {031 |1.11 |0.02 |0.01 |1.01 |0.08 |0.01 |0.03 |0.03 |0.15

Table 3. Mechanical properties of 16MnCr5 steel

Tensile strength, N/mm? 800-1100
Yield point, N/mm? 600
Hardness HB 207
Case carburizing depth, mm 0.5
Hardness after case carburizing and grinding HRC 59+2
Tensile strength, N/mm? 800-1100

2.3.2 Worm wheel material

Worm pairs exhibit dominant sliding contact conditions; therefore, friction has a more
important role than in other gear types. To account for such working conditions, which are
similar to sliding bearings, an appropriate material combination should be selected. Frequently,
softer material such as centrifugally or continuously cast bronze is paired with hardened steel
worm. For lower and medium loads, CuSn12/CuSn14 or CuSn12Ni2 bronzes are used, while
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aluminum bronzes, e.g., CUAI10Fe5Ni5 bronze, can be employed for higher loads. Also, worm

wheels made of cast irons are in use due to good scuffing and wear resistance. Lastly, the use

of alternative worm wheel materials such as coated steel [14] or aluminum alloy AISn6 [53]

can be found in the literature. In this research, the focus was on worm wheels made of CuSn12,

although experimental tests were also conducted on worm wheels made of AISn6 and

CuAlI10Fe5Ni5. The chemical composition of worm wheels obtained through X-ray diffraction

analysis (XRD) is given in Table 4. and some mechanical properties [53,57] are presented in

Table 5.

Table 4. Chemical composition of worm wheel materials, wt.%

CuSn12 CuAlIl10Fe5Ni5 AISn6
Cu 86.15 80.32 2.25
Sn 12.1 - 6.03
Pb 0.67 - 0.08
Al - 8.01 86.36
Fe - 5.74 0.54
Mg - - 2.73
Ni 0.4 5.32 1.23
Si 0.005 0.007 0.48
Cr 0.08 0.1 0.09
Co 0.08 - 0.08
Zn 0.36 - 0.04
S 0.14 0.15 -
other <0.2 <0.4 <0.1
Table 5. Mechanical properties of worm wheel materials
CuSn12 CuAlIl10Fe5Ni5 AISn6
Rpo.2, N/mm? 207 371 120
Rm, N/mm? 330 746 150
E, N/mm? 88300 122600 100000
As, % 10 17 -
HB 100 202 71
p, kg/m? 8800 7400 2840
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Bronzes are the most common and most investigated of all worm wheel materials
[6-8,25,26,55,57]. Their properties as worm wheel materials are covered by the relevant
standard for worm pair load calculation [3]. On the other hand, aluminum alloy AlISn6 was first
used as a bushing material in sliding bearings. Due to good scuffing and wear resistance, it was
thoroughly studied by Opali¢ [53] as a worm wheel material. Antifriction properties of AISn6
are based on the thin tin film that forms on the surface under the influence of load, temperature,
and sliding speed, thus providing self-lubrication characteristics. The AISn6 material was
compared to the CuSn12 bronze through block-on-disc experimental tests (Figure 11). The
initial contact pressure was on = 300 N/mm?2. Compared to CuSn12, AISn6 has a lower
coefficient of friction for sliding speeds up to 1.5 m/s while the observed wear was relatively
similar. Based on the results, it can be concluded that aluminum alloy AlSn6 is suitable as worm

wheel material, especially for lower sliding speeds.

0,08 40

AISnG oy, =300 N/mm? A AlSn6 6.28 m/s O AlSn6 3.14 m/s
e CuSnl2 ”mineral oil A CuSn 628 m/s m CuSn 3.14 m/s
= o = 03,=300 N/mm? mineral oil
£ 006 g 30 —
2 g %
= & kT
[ = .
S 004 2 20 — “:,/
g 2 | 4 / ]
g E |7 I S
% 0,02 g 10 /, "::_E':_:P —
o = -
1 2 3 4 5 6 7 8 9 10 0 1 2 3 4 5 ©6 8 10 12 14
Sliding speed, m/s Sliding time, h
g sp g
a) b)

Figure 11. Comparison between AISn6 vs. CuSn12: a) Comparison of coefficients of friction; b)
Comparison of wear track surface [53]

2.4 Lubrication

The influence of proper lubrication is much more significant in worm pairs than in spur,
helical, or bevel gears. There are a few reasons for this. A high ratio of sliding-to-rolling
velocity paired with unfavorable oil-entraining geometry results in poor film-forming
characteristics limiting load and efficiency [31]. Sliding friction in contact zones causes a large
amount of frictional heating. When paired with the fact that worm pair gearboxes have a
compact design and high power/volume ratio, all generated heat in a smaller assembly size must
be addressed by properly and constantly cooling the oil. In order to prevent scuffing, it is
necessary to pair metallurgically dissimilar materials. The steel-bronze pair is the most common

combination used for that purpose. Additionally, due to the geometry of worm pairs, the gearing
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efficiency is considerably lower in worm pairs with high transmission ratios. Although these
limitations have been tolerated in the past, in the ever-developing gearing world, power/weight
ratio and better thermal and efficiency ratings are key selling points that need to be constantly
improved. Proper lubrication is one of the most important factors contributing to better thermal

and efficiency ratings. Hence, it is one of the main research areas in worm pairs.

2.4.1 Contact conditions

Worm pair contact is often described as a tribological system that operates in a mixed
lubrication regime [2,13,14,58,59]. Mixed or partial lubrication is governed by a mixture of
boundary and hydrodynamic regimes acting simultaneously. In other words, the applied load is
supported by hydrodynamic (fluid film) lubrication and by occasional asperity contacts. In most
cases, this lubrication regime prevents any severe forms of wear. However, sudden lubrication
failure, known as scuffing, can occur [60-62]. It is worth noting that if the effects of elastic
deformation of the metal surfaces and the increase in the oil viscosity under high pressure are
considered, hydrodynamic lubrication is often referred to as elastohydrodynamic lubrication
(EHL). The Stribeck curve and corresponding lubrication regimes are shown in Figure 12. A

detailed model of the mixed lubrication model is presented in Figure 13.

Boundary

lubrication
/ub catio

Mixed lubrication

Hydrodynamic lubrication

Coefficient of friction, u

sliding speed, m/s; or 4 ratio

Boundary lubrication Mixed lubrication Hydrodynamic lubrication

Figure 12. Stribeck curve and lubrication regimes
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Pertrubation due to asperity contact

EHL film pressure profile
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Figure 13. Detailed model of mixed lubrication regime

Another important parameter governing the contact conditions in worm pairs is temperature.
Sharif et al. [12,30] and Kong et al. [31] investigated elastohydrodynamic contact properties in
worm pairs. Predicted minimum film thickness was of order 0.5 um or less. Additionally, very
high shear rates due to prevailing sliding motion are imposed on the lubricant [12]. The main
features of the contact are elongated asymmetrical contact shapes, resulting in relatively poor
film generation and oil entrainment in a longitudinal direction accompanied by the division of
contact into two regions separated by a band of severely thin film. It was also observed that
significant solid convection of temperature by the worm wheel tooth into the oil inlet tooth zone
takes place which tends to produce a thinning effect usually not common in contact with both
surfaces moving in the relatively same direction [30]. An example of calculated film thickness

contours and worm wheel tooth surface temperatures is presented in Figure 14.

entering side (inlet) leaving side (outlet)
g 2p ]
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worm wheel tooth face width, mm
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Figure 14. Contact analysis: a) film thickness, um; b) wheel tooth surface temperature, °C [12]
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2.4.2 Lubricant selection

Worm pairs are lubricated by oils of mineral or synthetic bases. The oil can also have
additives that can increase efficiency, lower temperatures through lower coefficient of friction,
and reduce worm wheel wear and running-in time. Extreme pressure (EP) additives form
inorganic compounds (sulfur, chlorine, or phosphorous compounds) on sliding surfaces. Under
high pressures, the chemical reaction occurs at locations of small sliding surface irregularities
and prevents micro welding phenomenon. This results in improved lubrication in locations of
potential abrasive wear [63]. Some additives, such as ZDDP anti-wear additive (zinc dialkyl
dithiophosphate), form protective tribofilms that act as sacrificial layers, reducing wear. Solid
lubricant additives, e.g. MoS, (molybdenum disulfide) nanoparticles, that improve worm pair

running-in process, reduce oil temperature, and increase worm pair efficiency [19].

Gearbox oil must have a reliable viscosity-temperature relationship due to high temperature
variations such as inlet vs. contact zone temperature (see Figure 14). Additionally, it is
important to reliably account for oil churning losses primarily affected by oil level and
viscosity. It is known that high-viscosity oils, if compared at the same temperature, provide
better pitting resistance. Viscosity-temperature dependence is usually defined through
standards (e.g., ISO VG at 40°C or 100°C).

Several studies were conducted to define the influence of oil on the operational characteristics
of worm pairs and gears in general. Hohn and Michaelis [64] investigated the influence of oil
temperature on gear failures. High temperatures lead to lower viscosity and thin oil film
thickness formation while improving chemical activity and protective tribological layer
formation. Also, the results suggest a trend towards lower pitting resistance with increased oil
temperature. Muminovic et al. [65] compared oils of mineral and synthetic bases. Worm pairs
lubricated by synthetic oils provided higher levels of efficiency and less heat, especially at
higher sliding speeds. Such findings were explained by increased hydrodynamic lubrication and
better adhesion than mineral oil. These differences were less obvious at lower sliding speeds
because of deterioration in the hydrodynamic conditions. Rakamari¢ [54] studied wear rates on
worm wheels made of AISn6, CuSn12, and CuAl10Fe5Ni5 lubricated by mineral and synthetic
oils. Higher wear rates were observed for all materials when lubricated with mineral oils.
Material AISn6 was much more wear-resistant than CuSn12 and CuAI10Fe5Ni5 bronzes for all
load and oil combinations. Additionally, tribocorossion can be expected if CuAI10Fe5Ni5 is

paired with mineral oils [55]. Mautner et al. [6] studied the efficiency of large worm gearboxes.
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Slightly lower efficiencies were recorded with the use of lower-viscosity oils. Moreover,

mineral oils led to approximately 3% lower efficiency than synthetic oils.

Many parameters such as material combination, sliding speed, load, temperature, and geometry
play an important role in oil selection. Therefore, it is impossible to select the oil optimally for
every given case. Usually, the oil is selected either by the oil manufacturer’s recommendation
or through recommendations given by relevant standards. The recommendations for worm

gearboxes based on worm speed and output power are presented in Table 6.

Table 6. Recommendation for oil selection based on oil kinematic viscosity at 100°C [25,53]

Worm speed, rpm
P, kW
100-250 250-750 100-250 2000
1-15 17 1-15 17 1-15
15-75 25-40 15-75 25-40 15-75
75 - 75 - 75

The Worm gearbox used in this research is characterized by input worm speed n; = 1480 rpm
and output power P2 = 2.5 kW. The employed lubricant was Castrol Alpha SP 150 mineral oil
(Table 7). This lubricating oil is intended for industrial gearboxes with forced circulation,
splash, or bath lubrication. The oil is enhanced with EP additives for good thermal and load-
carrying stability. The EP additives are compatible with both ferrous and non-ferrous materials.
The quality of the employed oil complies with AGMA 9005 - E02 and DIN 51517 Part 3 (CLP).

Table 7. Main properties of the Alpha SP 150 lubrication oil

_ . Kinematic viscosity, Viscosit
Density at 15 °C, mm?2/s index (_3/ Open flash Pour
kg/m3 po|nt °C p0|nt, OC
40 °C 100 °C ’
890 150 14.5 > 95 223 890

Based on a literature review presented earlier, synthetic oils are superior to mineral oils
regarding load-carrying capability, wear rates, and efficiency of worm pairs. However, mineral
oils are more affordable, widely available and more environmentally sustainable (mineral oils
are obtained from refining crude oil). Furthermore, much research on worm pairs in the
Laboratory for Machine Elements (Faculty of Engineering and Naval Architecture, University
of Zagreb) was conducted using mineral oils as a lubricant [25,53-55]. The latter was an
additional reason for employing mineral oil in this research as it allows one to compare the

results with previous studies more reliably.
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Pitting and wear in worm pairs

All machine elements, especially those characterized by heavily loaded contact surfaces

found in gears, are subject to various types of damage mechanisms. The damage that occurs

can be a consequence of irregular working conditions (insufficient lubrication, system overload,

or assembly errors) or, which is more often the case, the damage is an expected feature of that

system that is taken into consideration during the design phase. The most common damage

mechanisms in worm pairs encountered in service are [2,48,60,62,66]:

Surface fatigue (pitting): a consequence of repeated surface overloads resulting in
shallow craters at contact surfaces,

Spalling: similar to pitting, subsurface originated large irregularly shaped pits of larger
depth

Scoring: involves the surface welding and formation of grooves and scratches in the
direction of sliding and can also imply scratching by abrasive particles

Scuffing: a serious surface deterioration due to the breakdown of lubrication resulting
in metal-to-metal welding, high temperature rise, rapid adhesive wear, and subsequent
surface roughening,

Abrasive wear in the running-in phase and later, in case of lubrication with unfiltered

oil (mainly experienced at lower sliding velocities).
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e Adhesive wear: metal-to-metal transfer from one surface to another during relative

sliding motion. In worm pairs, severe adhesion can result in scuffing if insufficient

lubrication is provided to the contact zone.

The presented damage mechanism can be divided into two main categories, fatigue-based wear

(pitting and spalling) and sliding wear. The term adhesive wear is often used to describe sliding

wear. However, it is only one of the several physical and chemical processes that may be

involved [62]. Therefore, as the scuffing, scoring, and abrasive wear are associated with the

overall sliding wear, the term sliding wear will be used for the remainder of this thesis. An

overview of influence factors on failure modes in worm pairs is shown in Table 8 [3].

Limitations based on output torque T> for small center distance worm pairs (applicable to worm

pair in this research; a = 90 mm) are presented in Figure 15.

Table 8. Failure mode according to influence factors

worm speed n, ———

Failure modes
Worm
Influence factors o Tooth- ) Low
Wear Pitting shaft Scuffing .
breakage efficiency
deflection
Hertzian pressure X X X X X X
Worm speed X X X X
Oil film thickness X X X X
Oil X X X X
Contact pattern X X X X X
Worm surface X X X X
Shearing value X
\ worm shaft deflection
e
' Ditg;
We ng

2 m tooth breakage

g \

=

&

=

5]

Figure 15. Output torque limitations for small center distances [3]
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3.1 Pitting

Pitting is a manifestation of rolling-sliding contact fatigue (RSCF) characterized by
shallow surface craters due to prolonged and repeated contact loads that exceed local Hertzian
contact fatigue stress limits. Pitting formation on the flanks of worm wheel teeth is a
phenomenon that occurs even under proper lubrication conditions, since oil, as incompressible
fluid, transmits the load between contacting surfaces. In some cases, pitting appears in the form
of micropitting as early as the running-in phase of the worm pair. Pitting initial location and
initiation depend on material microstructure, contact stresses, micro and macro geometry, and
rolling-sliding conditions. Generally, three processes lead to pitting: crack initiation,
propagation, and failure. The crack initiates from surface irregularity, inclusions,
inhomogeneities, or other surface and material defects. After the crack initiation, cyclic loading
produced by rolling-sliding contact conditions grows and propagates the crack. Finally, crack
failure will take place and result in surface damage. The initial crack can be at or below the
surface [60,64,66—68]. The surface initial crack results in a pitting phenomenon while the

subsurface initial crack yields a spalling phenomenon (Figure 16).

Asperity height <3 um A Pit

L
— L

Typically 20 ~ 100pum
(0.25¢ ~ 0.35¢)

¢ is the half width
of contact length

Figure 16. A schematic representation of pitting and spalling, according to [66]

3.1.1 Theoretical basis

Pitting results from the surface-originated crack that forms due to surface irregularities
such as surface roughness, machining marks, or surface inclusions. Formed craters are usually
of shallow depth (< 10 um). The crack growth is driven by either mode | (tension) propagation
or mode Il (shear) propagation [66,68—70]. In mode I, the lubricating oil is squeezed between
crack surfaces in every loading cycle. Therefore, the hydraulic pressure of the oil opens and
closes the crack and gradually extends the crack tip. In mode 11, the induced shear (Hertzian)

stresses at and near the surface are the main contributors to crack propagation. The crack
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initiates at the point of maximum stress and propagates parallel to the surface. Mode Il is further
emphasized in rolling-sliding contacts, where the sliding component moves the position of
maximum shear stress towards the surface, initiating surface crack. This applies to gear contacts
and especially to worm pairs due to the high degree of sliding. The shear stress distribution in

rolling-sliding contact is shown in Figure 17.
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Figure 17. Stress distribution between contacting surfaces under rolling-sliding conditions [68]

As mentioned, pitting is heavily affected by the roughness of the contacting surfaces i.e.,
metallic asperity contacts through the corresponding oil film thickness. Dawson [71] correlated
the surface roughness and oil film thickness in a D ratio, nowadays known as 4 ratio, and found

that the number of revolutions to pitting decreases when 1 increases.

minimum oil film thickness homin

composite surface roughness ) ) 1)
Ry1" + Ry

Spalling (or macropitting), on the other hand, is a result of subsurface-originated cracks.

The cracks are initiated at the location of maximum shear stress under the surface. At the same
time, the growth of the subsurface crack is in mode Il parallel to the contacting surface (as
already explained in the paragraph above; also see Figure 17). Spalling appears as larger, deeper
pits (typically 20-100 pum) at contact surfaces [66]. Spalling may also occur as the continuation
of pitting as smaller pits serve as locations of high-stress concentrations. The cracks initiated in
this way may propagate into the material and result in the loss of large pieces of metal from the
contacting surfaces [68]. A common indicator of expected spalling damage is a distressed

surface characterized by a mesh of surface cracks. Surface cracks can also be linked to
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subsurface crack propagation onto the surface. The amount of material removed through this
process is substantial. If pieces of the metal are carried into the worm pair mesh, it can result in
accelerated abrasive wear of the worm wheel tooth flank. The example of surface distress
leading to spalling in the CuSn12 worm wheel is presented in Figure 18. It can be observed that
surface damage happens abruptly (in terms of a number of load cycles) creating large surface

pits that also tend to grow progressively.

pitting and surface distress pitting (spalling) pitting (spalling)
(load cycles N, = 4-10%) (load cycles N, = 5:10°) (load cycles N, = 6-10°)

Figure 18. Surface distress leading to spalling in CuSn12 worm wheel

In literature, micropitting, pitting, and spalling have distinguished differences regarding crack
initiation and propagation, pit depth, size, and general appearance. Although the literature
distinguishes pitting from spalling, and pitting from micropitting, the terms are often used
interchangeably under the general term pitting. The same is true for worm pairs as the literature
and standard [3] use the terminology pitting or pitting damage when considering the surface
durability of worm wheel tooth flanks. Therefore, the terminology used for the remainder of

this thesis will be as follows:

e Micropitting — surface damage due to asperity microcracks resulting in small and
shallow pits (< 10 pum). It usually occurs during the running-in phase and early phases
of the operation in worm pairs when the lubrication regime is not yet fully established
due to surface irregularities and a partially developed contact pattern. An example of
micropitting developing on the leaving side of the CuSn12 worm wheel tooth flank is
presented in Figure 19.

e Pitting — damage due to collapse of subsurface cracks resulting in larger and deeper
pits (typically 20-100 um). This refers to spalling (macropitting) as described earlier in
this section. Pitting can occur as initial pitting during earlier phases of operation and
stabilize or diminish due to increased and/or continual wear. In later phases, the pitting
phenomenon is expected even in normal operating conditions. If pitting development

progresses, it significantly reduces the tooth flank surface, increasing contact stresses.
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In turn, this leads to higher wear intensity when the wear capacity limits the life

endurance and can lead to failure.

b)

Figure 19. Visual representation of a) Micropitting, b) Pitting

3.1.2 Pitting resistance calculation

In this section, the calculation procedure regarding surface durability (pitting resistance)
according to the ISO/TR 14521 standard [3] will be presented and discussed. The current
calculation is based on existing literature (experimental tests) and its applicability is defined by
the boundary conditions. Boundary conditions defined in standard and boundary conditions

applicable to worm pairs in this research are comparatively given in Table 9.

Table 9. Boundary conditions for pitting resistance calculation procedure

ISO/TR 14521

Worm pairs in this research

Working mode

Constant with running-in

Constant with running-in

Mean contact stress ouxm

330...620 N/mm?

~ 300 N/mm?

Mean sliding velocity vgm | 1...7.5 m/s 3m/s

Center distance a 65...160 mm 90 mm

Nominal ratio i 10...20 18

Surface roughness Ra 0.4..0.5 um 0.25...0.6 um

Material combination 16MnCr5 / CuSn12Ni2-C-GZ 16MnCr5 / CuSn12
16MnCr5 / CuAI10Fe5Ni5
16MnCr5 / AISn6

Lubrication

Polyglycol 1ISO VG 220 at Toil =

80 °C

Mineral oil 1ISO VG 150 at
Toit = 60 °C
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For worm pairs that are in between these boundary conditions, the calculation procedure should
show good results, and for worm pairs that are out of scope, the calculation results should be
verified [3]. This indicates that there is no universally accepted or standardized procedure for
pitting resistance calculation for all profile types, material combinations, and lubrication oils
used in worm pairs. The same is true for worm pairs used in this research as some boundary
conditions are the same as in the standard, while others, such as material combinations and oil
used, differ significantly.

Firstly, a non-dimensional parameter for the mean Hertzian stress pm and mean contact stress

oum are defined as follows:

* a 3.18 (2)
Pm” = 01794 +0.2389 - =— +0.0761 " x; * [x[*® + 0.0536 - q; — 0.00369 - z,

m1l

—0.01136 - g + 44.9814 -

Xy + 0.005657 (Z1>2-6872

Zy q1

* 0.5
— 4 Pm - TZ ’ 103 ' Ered (3)
OHm = g a3
Pitting safety factor Sn is defined as follows:
OHG 4)
SH =—2 SHmin
OHm

e oHc — limit value for the mean contact stress
e onm — Mean contact stress

e  Shmin = 1.0 — minimum safety factor

The limiting value for contact stress oxe IS determined based on pitting resistance oniimt for a

given material (see Table 10) and five empirical factors that define the working conditions:

OHG = OHlimT 'Zh 'Zv ' Zs 'Zu 'Zoil (5)

1
o 7, =(25000/Ly)s < 1.6 — life factor
o Z,= = velocity factor where vy is sliding velocity at mean reference diameter
44, 9

d .

calculated as vy = — =Lt
19098-COS Y1

3000

2900+a

— size factor

[ ] ZS=
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o Z,= (20_5) gear ratio factor

e Z,i = 0,89 — lubricant factor for mineral oils

Table 10. Pitting resistance for contact stress (materials used in this research)

Worm wheel material CuSn12 CuAl10Fe5Ni5 AISn6
ortimt, N/mm? 425 660Y 300"

Dsor low sliding velocities, vy < 0.5 m/s

*according to [53]

NOTE: The given endurance limits for contact stress are valid for pitting areas accounting for approximately

50% of the worm wheel tooth flank

Table 11. Pitting resistance calculation values and results

Worm material 16MnCr5
Worm wheel material CuSnl12 CuAl10Fe5Ni5 AISn6
a, mm 90 90 90
dm1, mm 36 36 36
X2, MM
g1, mm
71, -
22, - 36 36 36
ao, ° 20 20 20
P, - 1.122 1.122 1.122
T2, Nm 300 300 200
Ered, N/mm? 139 322 172 787 150 813
Vg, M/s 2.82 2.82 2.82
Ln, hours 5000 5000 5000
Zn, - 1.308 1.308 1.308
Zy, - 0.856 0.856 0.856
Zs, - 1.002 1.002 1.002
Zy, - 0.979 0.979 0.979
Zoil, - 0.89 0.89 0.89
ortimt, N/mm? 425 660 300
oHm, N/mm? 323 360 275
e, N/mm? 415 645 293
SH 1.285 1.791 1.067
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The values used for the calculation as well as calculation results (based on expressions (2)-(5))

for worm pairs investigated in this research are given in

Table 11. The value of required life expectancy with continuous operation L is arbitrarily set
as Lh =5 000 hours. The purpose was to demonstrate that worm pairs tested in this research
have structural integrity far greater than the testing time of approximately 400 hours
(corresponding to the number of load cycles
N = 2-10°). The same can be seen from calculated pitting safety factor values Sn. However, it
is important to note that practical Ln values used in worm pair calculations are generally Ly >
20,000 hours.

The presented results are relevant for already mentioned boundary conditions of the calculation
procedure and the assumption/simplification of mean contact stress oxm. The standard states
that the calculation of contact stresses is not derived from experimental and measurement data
(method A) yet it is calculated using numerical methods that are sufficiently precise under
corresponding assumptions (method B) and for some factors additional simplified
approximation procedures are specified (method C) [3]. In summary, the mean Hertzian stress
is calculated assuming equal Hertzian pressure for all simultaneously meshed contact lines. The
calculation implies a fully conjugated worm pair which is not true if the worm wheel is
manufactured using an oversized hob (see section 2.2). In working practice, the full contact
pattern may or may not be achieved due to the possible problem of insufficient lubrication;
instead, incomplete but acceptable contact patterns are frequently present (Figure 9).
Incomplete contact patterns are therefore subjected to significantly higher contact stresses
compared to fully conjugated worm pairs as assumed in this calculation.

It is a known fact that worm pairs can normally operate under heavily pitted worm wheel tooth
flanks without significant efficiency loss [6,8,25]. The pitting resistance oxiimr mentioned in
Table 10 is valid for pitting areas accounting for approximately 50% of the worm wheel tooth
flank. The given value is relatively high, and the basic calculation does not account for more
details in terms of pitting formation and development. However, the annex in the standard
considers a lifetime estimation for worm wheels with a high risk of pitting damage in more
detail. The lifetime based on the number of load cycles is divided into three characteristic

stages:

e Stage I: stage of beginning of pitting, number of load cycles Ny

e Stage II: pitting growth stage, number of load cycles Ny
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e Stage IlI: wear stage, number of load cycles Npn
The allowed number of load cycles can be combined into a total number of load cycles Ni:
Ny = Ny + N + Numn (6)

Stage | covers the time up to the development of the first significant pitted areas. This is defined
by pitting area Api0 = 2%. Ap1o represents the average pitting area of 10% of most damaged
teeth. For example, four teeth will be considered for the Ap1o value in the case of worm wheel
with the number of teeth z> = 36. In the case of Ap10 = 2%, the pitted area value must be higher
or equal to 2% of the total worm wheel tooth flank surface area. The number of load cycles Ny,

can be calculated based on the expression:

v 0
Ny = 106 - (1 +0.860 - In (3 = )) " exp [28-078 4666 In (520 o >] )
Uref OHlimT

(with vier =3 m/s, oniimt from Table 10, and o1m according to expression (3))

Stage Il is called the pitting growth stage and stops when the maximum pitting area Ap1o,max IS
reached. For allowable pitting area Apiomax = (2...60 %) the number of load cycles Npi can be

calculated by the expression:

(APlo,max - 2) -10°

Ny = (8)
_ v,
16212 - (Gum —180) | [1.541 . JHm_ _ (581 .8 ]
OHlimT OHlimT ref
The plausibility check must be made:
Np1 + Nuip < Ny ©)
where Ni(+1):
6 Vs OHm
Ny = 310 —=-exp [24.924 —4.047 *In (520 : )] (10)
Uref OHlimT

Stage Il is characterized by wear behavior. As a large portion of the worm wheel tooth surface
is damaged, its load-carrying ability is significantly reduced resulting in increased wear. The
number of load cycles Npji is determined by expression (6). The number of load cycles Ny is
only reached if there is sufficient wear safety. Instead of the wear intensity Jw and flank loss
own (expressions (31) and (32)), the wear intensity Jwp and flank loss dwen must be used:
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Jwp = Wy - Wis ]01 + 0.5 (Jor +]0111) + Jom - N, (11)
Jomr = Wp * Jor (12)
Wp = 25 K§7° (13)

For calculation purposes, pitting area value Apiomax IS Set at 10%. Such value represents a
meaningful increase in pitting percentage from Apio = 2 %. It enables enough time, measured
in the number of load cycles, to study pitting formation and development in CuSn12 and AlSn6
worm wheels. The worm wheel made of CuAL10Fe5Ni5 is investigated for comparison in
terms of efficiency only, as its mechanical properties are significantly higher than those of
CuSn12 and AlSn6. For investigated worm wheels, the calculated number of cycles N, N,
and Npy are given in Table 12. The number of load cycles for CuAI10Fe5Ni5 needed to achieve
Ar10 = 10% does not pass the plausibility check as this material is not intended to work under
high sliding speeds due to intensive wear (recommended vy < 0.5 m/s; the calculation was

conducted with vg < 2.82 m/s).

Table 12. Number of load cycles N. needed for pitting formation, according to ISO/TS 14521 [3]

Worm wheel material CuSn12 AISn6 CuAlIl10Fe5Ni5
T2, Nm 300 200 300

NLi (Ap1o = 2 %) 2260479 942 753 10 625 790
NLit (Apo,max = 10 %) 784 990 655178 11973 717
NLi+ Neu 3045 469 1597 931 22 599 507
NL(+11) 5824 875 2 728 158 22 298 586

3.1.3 Relevant pitting resistance calculation studies in literature

Besides the calculation in the ISO/TS 14521 standard, several studies were focused on
relating the pitting formation with the number of load cycles. Due to the nature of pitting
formation, experimental tests are inevitably long and there is a tendency to reduce the number
of factors, especially those considered irrelevant for pitting. The idea is to control certain factors
such as keeping the oil and gearbox temperature constant through the cooling system, oil
filtration to reduce abrasive wear, or conducting proper running-in of the worm pair.
Additionally, multiple damage mechanisms occur simultaneously, for instance sliding wear and
pitting. However, even with the effort to reduce the influence of certain factors, it is impossible
to completely ignore the mutual influence of one damage mechanism on another.
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Opali¢ [53] investigated pitting and sliding wear in worm wheels made of AISn6. The worm
pair’s geometry and tooth flank profile (ZN) were identical as in this research. The experimental
tests were carried out up to N. = 7.5-10° cycles, the output toque was in the range
T2 =150...310 Nm, and worm pairs were lubricated with mineral oil at Toii = 60 °C. Based on
the experimental results, the number of load cycles N related to the pitting area Ap in %/100
and the number of cycles required for the first pitting N.;* was proposed:

12.5- 10 - 4p*°

Table 13. Number of cycles required for first pitting, according to [53]

T2, Nm 150 180 260 310
Nu™ 6.5-10° 5-10° 3.7:10° 310°

Zezelj [25] focused on the influence of measurement of pitting areas and the empirical
correlation between pitting, load, and number of load cycles. The research was conducted on
worm wheels made of CuSn12 and AlSn6 subjected to Ni = 5-10° cycles lubricated with mineral
oil at Toil = 60 °C. The identical tooth flank profile ZN and similar worm pair geometry were
employed as in [53] and this research. The number of load cycles N. in relation to pitting area
A in %/100, and the number of cycles required for first pitting Ni,* for AISn6 and CuSn12

worm wheels were formulated:
8.57 - 1013 - Ap™®
L~ T23

— valid for AISn6 with Ni," = 5.3-10° cycles

+ N (15)

7.18- 101 - Ap'°
NL =~ 3
T,

—valid for CuSn12 with Ni," = 7.26-10° cycles

+ Ny;* (16)

Stahl et al. [26] experimentally and theoretically analyzed worm pairs of different sizes, contact
patterns, and flank types (ZI, ZC). The findings suggested that pitting occurs at the minimum
equivalent radius of curvature where contact Hertzian stresses are the highest. These locations
are found on the leaving side of the worm wheel tooth flank. The tests were conducted on
CuSn12Ni2 worm wheels lubricated with synthetic oil (Polyglycol). The relation between
number of cycles required for first pitting N and mean Hertzian stress oum was described with

the expression:
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7.8 _
Ny = (—) —valid for orm < 500 N/mm?
OHm

(17)

Although the expression (17) does not apply to worm pairs in this research (different worm

wheel material, geometry, and lubrication oil), the expressions derived from studies of Opali¢

[53] and Zezelj [25] can serve as orientation values in combination with the values already

obtained from the ISO/TS 14521 standard [3]. The comparison of the number of load cycles

Nvi and N+ (equivalent to the number of cycles N for Ap = 10 %) is presented in Table 14.

Table 14. Comparison of the number of load cycles according to [3,25,53]

Worm wheel material CuSn12 AISn6
Output torque T2, Nm 300 200
According to ISO/TS 14521 [3]

NLi (Ap10 = 2 %) 2260 479 942 753
NLi (Ap1o,max = 10 %) 784 990 655 178
NL= Nri+ N (Apio,max = 10 %) 3 045 469 1597 931
According to Opali¢ [53]

NL (Ap = 2 %) - 909 442
NL (Ap = 10 %) - 5 408 558
According to Zezelj [25]

NL (Ap = 2 %) 801 215 560 300
NL (Ap = 10 %) 1 566 932 868 759
Percentage change compared to ISO/TS 14521 [3]

Opali¢ [53]

NLi (Ap10 = 2 %) vs. NL (Ap = 2 %) - -35%
NL (Ap10,max = 10 %) vs. N (Ap = 10 %) - +238.5 %
Zezelj [25]

NLi (Ap1o = 2 %) vs. N (A = 2 %) -64.6 % - 40.6 %
NL (Ap1omax = 10 %) vs. N (Ap = 10 %) -485% -45.6 %

according to values in Table 13.

NOTE: the value of N.,"= 467 500 for the AISn6 worm wheel was linearly interpolated for T, = 200 Nm

It must be noted that a comparison in Table 14 is conducted between values that are to some

extent different: Ap1o represents the average pitting area of the 10 % of most damaged flanks

while Ap represents the average pitting area of all measured flanks. Compared to the ISO/TS
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14521 standard, Opali¢ [53] slightly underestimates the number of load cycles for the AlSn6
worm wheel for Ap = 2% by 3.5% and overestimates the number of load cycles for Ap = 10%
by + 238.5%. On the other hand, ZeZelj [25] estimated the required number of load cycles for
Apr =2 % and Ap = 10 % to be lower by 40.6% and 45.6% compared to the ISO/TS 14521 [3],
respectively. For the CuSn12 worm wheel, ZeZelj [25] underestimates the required number of
load cycles for Ap =2 % and Ap = 10 % by 64.6 % and 48.5 %, respectively. The comparison
of the number of load cycles N suggests no fair agreement between the ISO/TS 14521 standard
and available literature. The main causes for such discrepancy in results is due to restrictive
boundary conditions for which the pitting calculation procedure is validated in the ISO/TS
14521 standard (see Table 9). Also, there is a difference in representations of pitted area, either
average pitted area, Ap, or the average pitting area of the 10 % of most damaged teeth, Apio. AS
available results in the literature are scarce and not in good agreement, the conclusion arises
that further investigations regarding worm wheel pitting should be conducted to provide values

for different material/lubrication/load combinations.

3.2 Sliding Wear

In addition to pitting, sliding wear is one of the main damage mechanisms occurring in
worm pairs. The damage usually appears on bronze worm wheel’s tooth flanks. Sliding wear in
worm pairs takes place in two main forms: abrasive wear and adhesive wear. In this chapter,
the abrasive and adhesive wear will be covered in more detail, and wear load capacity

calculation according to the 1SO 14521 standard will be presented.

3.2.1 Abrasive wear

Abrasive wear is the removal of material by the passage of hard particles over a surface.
It occurs whenever a solid object is loaded against particles of a material with equal or greater
hardness [60]. In the case of worm pairs, the harder part is the case-hardened steel worm, while
the softer component is usually the bronze worm wheel. Mechanisms of abrasive wear are

depicted in Figure 20.
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= Direction of abrasion @ Direction of abrasion

a) Cutting b) Fracture

@ Direction of abrasion -~ Direction of abrasion

Grain about
to detach

Repeated deformations by subsequent grits

¢) Fatigue by repeated ploughing d) Grain pull-out
Figure 20. Mechanisms of abrasive wear [60]

The literature recognizes two basic modes of abrasive wear: two-body and three-body abrasive
wear. In two-body mode, the hard asperities or grits pass over the surface like a cutting tool. In
three-body mode, the grits are free to roll in between the surfaces since they are not held rigidly
[60]. In worm pairs, the example of two-body abrasive wear would be a hardened steel worm
passing over a bronze worm wheel, while three-body abrasive wear would manifest itself in
abrasive particles, namely already detached bronze particles, found in unfiltered oil therefore
constantly wearing the bronze surfaces through lubrication. Notably, the repeated strain caused
by grits deforming the contact area on the surface can also cause material fatigue. This indicates
that abrasive wear and pitting can have a strong mutual influence and often act simultaneously.
The example of abrasive wear on the worm wheel tooth flank due to increased system vibrations

can be seen in Figure 21.

Figure 21. Worm wheel abrasion: a) before, b) after N_ = 4.9-10% [25]
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The wear process can generally be divided into three characteristic periods (see Figure 22):

The running-in period at the start of the operation of two surfaces in relative sliding
motion. It is characterized by smoothening of surface asperities, achieving better
conformity of contacting surfaces, and increasing efficiency before reaching steady-
state operation [72,73]. The absence of running-in results in local contact loads many
times higher than expected. Therefore, running-in is carried out under lighter loads as
higher contact pressures can result in premature damage [74]. Mallipeddi et al. [73]
showed that higher running-in loads result in more micropitting. When one of the
contacting surfaces is comparatively hard and the lubrication conditions prevent
metallic transfer during running-in, wear will be principally confined to the softer
surface [72]. Worm pairs are the prime example of machine elements heavily influenced
by proper running-in. During the running-in period, the goal is to achieve an acceptable
contact pattern on worm wheel tooth flanks to distribute the load evenly and smoothen
the contacting surfaces. This process is also accompanied by gradually lower coefficient
of friction resulting in increase in the worm pair efficiency.

Steady-state wear period onsets when the system attains the constant wear rate until it
reaches the severe wear state leading to component failure. The conditions of steady-
state wear are strongly affected by the running-in process. The coefficient of friction in
the steady-state is constant. This period typically represents most of the component’s
life expectancy.

Severe wear period distinguished by rapid wear rate, lubricant breakdown, and abrupt
failure. The amount of wear becomes unacceptable since the worn-out surfaces produce
large clearances leading to increased system vibrations. During design phase, the goal

is to predict and avoid this period.

'y 3
Catastrophic . . i
phic | Running-in ! Steady-state Severe wear
1 :
1 !
. Start-up H Lubri Onset of
Hich ! ubricant nset o
S 5 breakdown | failure

Running-in
complete

Wear

Wear rate

Time or Distance

Figure 22. Schematic representation of the characteristic wear periods, according to [74]
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3.2.2 Adhesive wear

Due to solid-phase welding, adhesive wear is characterized by metal-to-metal transfer
from one surface to the other during relative sliding motion [63]. Generally, the same or similar
metals tend to adhere at the contact. The practice is to pair different metals as a contacting pair
to mitigate the adhesion, especially ones with low metallic compatibility. Moreover, adhesion
is reduced when sufficient lubricant film thickness is present to eliminate direct metal-to-metal
contact. Adhesion is also reduced with increasing surface roughness or hardness of the
contacting bodies [60]. In worm pairs, this is achieved by a combination of hardened steel worm
and bronze worm wheel. This material pair is characterized by very low metallic compatibility,
low coefficient of friction, and particular resistance to scuffing [2]. The result of adhesive wear
is a removed metal particle that remains either “glued” to one of the contacting surfaces or

eventually leaves the contact zone through oil flow, thus acting as an abrasive particle if the oil

is unfiltered. A simple schematic of the adhesion process is presented in Figure 23.

Hard
material

I

Soft material

Approach Adhesion Transfer
Figure 23. Process of adhesive wear, according to [60]

The most severe form of adhesive wear is scuffing. Scuffing usually occurs when there is a
breakdown of lubrication. The temperature in the contact zone rises significantly accompanied
by a high coefficient of friction. Contact zone overheats and rapid adhesion and adhesive wear
occur, leading to sudden failure. Gears are very susceptible to scuffing, worm pairs in particular.
Due to dominant sliding motion and unfavorable geometry, the shear stresses and rise in oil
temperature in the middle of the worm wheel tooth flank result in oil film thinning. Oil film
thinning is a precondition for lubrication breakdown (see Figure 14). The addition of EP
additives in the oil can prevent the onset of scuffing. The signs of scuffing on the worm wheel
can be observed in a significant amount of material removed (clearly visible at the lower portion
of the worm wheel tooth flank, Figure 24), darkened oil due to exposure to high temperatures,

and a large number of bronze particles visible in oil.
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Figure 24. First signs of scuffing on the bronze worm wheel

3.2.3 Wear load capacity calculation

The calculation in 1SO 14521 [3] is based on permissible wear that is set following

several criteria:

a)

b)

The thickness in the normal section on the outside diameter of the wheel teeth must not

become pointed

T
Swlimn = My * COS Y1 * (E — 2-tan a’o) (18)

Allowable toot thickness loss 4siim is defined through tooth breakage safety factor Srmin.
Swiimn = 4Slim * €OS ¥m1 (19)

The material loss 4miim should not exceed a pre-set limit dependent on oil change
intervals and bearing lubrication. This criterion is based on the approximate tooth flank

surface As.
Amyim
OSWlimn = ————— 20
WIlim n Af - Prad ( )
. (b
Zy " 2Mmyq - dyyq - arcsin (dL:) (21)

COS Y1 * COS &g
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d) The wheel tooth flank loss reaches a pre-set value indicated by the backlash. Frequently

owiim = 0.3:myq is applied. In the normal section, the expression becomes:
Swiimn = 0.3 * Myq * COS Y1 (22)

The safety against wear Sw is defined as follows:

Swii (23)
Sw = 5\/1:1”1 = Swmin

e Jwiimn — limiting value of worm wheel tooth flank loss in the normal section
e Jown —worm wheel tooth flank loss through abrasive wear in the normal section

e  Swmin = 1.1 — minimum safety factor

Firstly, the minimum mean lubricant thickness hmin m and corresponding non-dimensional

parameter for the mean lubricant film thickness h™ are calculated:

C 0.6 ., n M0.7 ‘n 0.7 . a1.39 -E d0.03
Nminm = 21 - R+ = : T:O'B = (24)
Cq = 1.7 - 1078 m?/N — for mineral oils (25)
Nom = 0.04815 Ns/m? —for Ou = 70 °C, poiim = 0.857 kg/dm?, v = 56.18 mm?/s (26)

h* = —0.393 + 2.9157 - 1076 - (2,) 00847 . ¢,0-0595 . (7.947 - 1077 - x, + 5.927 -

10-5) - ((1 —0.038-q,) " q; + 65.576) . <(108.8547 : ;—1 - 1) A 3294921) ©(27)
1

q1

((3291-107%-B + 1) - B — 13064.58)

~With B = /6 - My - diyy — 9 ()% + My

Then, the wear path swm is calculated from the number of stress cycles N and parameter for
the mean sliding path s

Oym " a4
SWm=S*' Iz'md 'NL (28)
re
n, - 60
Ny =Ly —— (29)
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5.6

s*=078+021-u+ (30)
tan Ym1
Lastly, flank loss due to wear dwn based on wear intensity Jw is derived:
Swn = Jw * Swm (31)
Jw = Jor - Wmr - Wns (32)

The reference wear intensity Jot in expression (32) is derived from available equations based
on the worm wheel material and the type of lubrication oil used. For worm wheels used in this
study, Jot can be calculated for CuSn12 and CuAL10Fe5Ni5 worm wheel materials:

Jor = 2.4-107 - K, 3t < 400-107° (33)

— valid for bronze wheels (e.g., CuSn12) lubricated with mineral oil

Jor = 5.45-107% - Ky~ "** < 400-107° (34)

—valid for aluminum bronze wheels (e.g., CuAI10Fe5Ni5) lubricated with mineral oil

The lubricant film thickness parameter Kw used in expressions (33) and (34) is calculated using
lubricant structure factor Ws = 1 (for mineral oils) and pressure factor Wy = 1 (for bronze

materials for oxm < 450 N/mm?):
Kw = hminm " Ws - Wy (35)

The value of material/lubricant factor W is only available for three types of oil and a small
number of materials. In the case of mineral oil and material combination 16MnCr5/CuSn12,
WwL = 1.6, while for combination 16MnCr5/CuAl10Fe5Ni5 Wue = 1.0.

The start factor Wns considers the influence of the number of starts per hour, Ns, on the wear

rate:
Wys =1+ 0.015 - Ng (36)

Ultimately, the flank loss due to wear dwn is compared to owiim values based on criteria a) - d)

with minimum safety factor Swmin = 1.1.

The values used for the wear load capacity calculation for worm pairs investigated in this

research are given in Table 15.
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Table 15. Wear load capacity calculation values and results

Worm material

16MnCr5

Worm wheel material CuSn12 CuAl10Fe5Ni5
a, mm 90 90
dmz, mm 36 36

X2, mm

g1, mm

71, -

22, - 36 36

u 18 18

ao, ° 20 20

ny, min?t 1460 1460
T2, Nm 300 300
Ered, N/mm? 139 322 172 787
Co, M?/IN 1.7-10°8 1.7-10°8
1om, Ns/m? 0.04815 0.04815
B, - 26.907 26.907
h*, - 0.074 0.074
Nmin m, Lm 0.235 0.237
Ln, hours 5000 5000
N, - 24 333 333 24 333 333
Hm, N/mm? 323 360
s, - 29.760 29.760
Swm, mm 151 098 397 135 790 214
Ws, - 1 1
W, - 1 1
Kw, - 0.235 0.237
Jor, - 2.137-10° 3.202-10°8
W, - 1.6 1

Ns, - 0.1 0.1
Whs, - 1.0015 1.0015
Jw, - 3.426:10° 3.207-10°8
Own, mMm 0.517 4.355
Owiimn, Mm (criterion d)) 1.171 1.171
Sw 2.265 0.269
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Based on calculation results, the wear load capacity, for an arbitrary value of Ln =5 000 hours
is achieved for CuSn12 worm wheels and not for CuAl10Fe5Ni5 worm wheel. The latter worm
wheel material is not intended for high sliding speeds. The recommended sliding speed for
CuAl10Fe5Ni5 should be vg = 0.5 m/s. The calculation could not be conducted for the AISn6
worm wheel as no relevant factors are available for that material. Thus, one of the main
limitations of wear load capacity calculation becomes evident: it is relevant only for a few
material-lubricant combinations. The presented calculation assumes that a full contact pattern
is established and that wear calculation is independent of the pitting capacity calculation. This
means there is no consideration of any correlation between those two damage mechanisms. This
simplifies real working conditions as a full contact pattern may or may not be achieved, as
already discussed in Section Geometry and manufacturing of ZN worm pairs. Furthermore,
pitting development accelerates wear. This is mostly apparent in the wear stage of pitting
calculation (Stage I1) as the contact surface becomes smaller, increasing the contact stresses

on the remainder of the tooth flank surface, resulting in an increased wear rate.
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Worm pair dimensional accuracy

Gear dimensional accuracy refers to how closely the manufactured geometrical features
resemble the theoretical geometry and design. Manufacturing errors in gears typically result in
increased contact pressures, amplified noise and vibrations, and problems with inaccurate
motion transfer [75]. As with many other machine elements, the dimensional accuracy of gears
is defined through allowable deviations divided into accuracy grades. Allowable deviations and
advice regarding inspection methods are usually outlined in relevant standards. The same holds
for worm pairs which are one of many gear types. The deviations of worm pairs are outlined in
the DIN 3974 standard [10,11] and will be covered in detail in this chapter. Also, the 3D optical
scanning method used for dimensional inspection of worm pairs will be presented and

discussed.

4.1 Deviations

Worm pair deviations are presented in the standard DIN 3974-1 Accuracy of worms and
worm gears - Part 1: General bases (in original: DIN 3974-1 Toleranzen fiir Schneckengetriebe-
Verzahnungen - Teil 1: Grundlagen [10]) and in the standard DIN 3974-2 Accuracy of worms
and worm gears - Part 2: Tolerances for individual errors (in original: DIN 3974-2 Toleranzen
fir Schneckengetriebe-Verzahnungen - Teil 2: Toleranzen fiir Abweichungen einzelner
BestimmungsgroRen [11]). The outlined deviations are valid for worm pairs with rectangular
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crossing shafts, worm wheel pitch diameters up to 2500 mm, and modules up to 40 mm. An

overview of worm and worm wheel deviations is presented in Table 16.

Table 16. Worm pair deviations

Abbreviations
Deviation
Worm Wheel
Single pitch deviation (axial) fox -
Single pitch deviation - fp2
Adjacent pitch difference fux fuz
Total pitch deviation Fpz -
Total cumulative pitch deviation - Fp2
Total profile deviation Fo Fo2
Runout Fr1 Fro
Total single flank composite deviation Fi1 Fi2

Single pitch deviation (axial) (fpx)

The axial single pitch deviation is the algebraic difference between the actual pitch and the
corresponding theoretical pitch in the axial section of the worm. The deviation is evaluated on
the cylinder approximately at the mid-depth of the tooth (typically on the pitch cylinder). In the
case of a worm with multiple threads (teeth), the measurement must be carried out in further
axial sections until all threads have been recorded (Figure 25).

Figure 25. Single pitch deviation (axial)

Single pitch deviation (fp2)
The single pitch deviation is the algebraic difference between the actual and corresponding
theoretical pitch in the transverse plane on the circle concentric with the worm wheel axis. The

deviation is evaluated approximately at the mid-depth of the tooth (typically on pitch diameter).
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In the case of a worm with multiple threads, the measurement must be carried out in further

axial sections until all threads have been recorded (Figure 26).

Figure 26. Single pitch deviation

Adjacent pitch difference (fux, fu2)

The adjacent pitch difference is the algebraic difference between the actual dimensions of two
successive individual pitches of the right or left flanks. It is specified without a sign. For
evaluation purposes, the largest adjacent pitch difference is reported (Figure 27).

Total pitch deviation (Fpz)

The algebraic difference between the actual and nominal dimension of the worm pitch,
measured over the gauge length I.

Total cumulative pitch deviation (Fp2)

The difference between the algebraically largest and the algebraically smallest value of all
corresponding single pitch deviations of the worm wheel (Figure 27).

Flank number 211 2 3 4 5 6 7 8 91011121314151617 181920 21
Pitchnumber |1(2|3(4|5|6(7|8|9(10|11{12(13]|14(15|16|17(18]|19|20(21

qu_‘ =
Ollll=;l 1; Mo 1 HH |

Figure 27. Adjacent pitch difference and total cumulative pitch deviation, according to [76]
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Total profile deviation (Fa1, Fo2)

Distance between two design profile traces which enclose the actual profile trace over the
evaluation range defined by the start of active profile and the end of active profile diameter.
The tolerances of the total profile deviation refer to the worm’s axial section and the worm

wheel’s center axial plane (Figure 28).
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Figure 28. Total profile deviation

Runout (Fr1, Fr2)

The algebraic difference between the maximum and the minimum radial distance from the
worm or worm wheel axis, of a probe (e.g., ball or cylinder) which is placed successively in
each tooth space. During each check, the probe contacts the right and left flanks at
approximately mid-tooth depth. The measurement is conducted in the axial section of the worm

and preferably in the center axial plane of the worm wheel.
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Figure 29. Representation of runout, according to [77]
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Total single flank composite deviation (Fi'1, Fi2)

The deviation Fi is the difference between the actual rotational positions of a master (reference)
gear and the rotational positions of the gear under inspection, measured at the pitch circle. It is
calculated as the difference between the largest leading and the largest remaining rotational
position deviation within one revolution of the inspected gear (i.e. transmission error, Figure
30). Both gears are rolled under the prescribed center distance without load. During inspection,

contact occurs on only one set of corresponding flanks.

one revolution of inspected gear
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Figure 30. Representation of single flank composite inspection

4.2 Three dimensional (3D) optical scanning

Dimensional inspection of gears is commonly carried out by contact measuring
machines such as coordinate measuring machines (CMMs) or gear measuring instruments
(GMiIs) [78] (Figure 31). CMMs are universal measuring machines that can measure various
workpieces. At the same time, GMIs have additional rotary tables and specially designed
probing systems for easier and more precise measurements in gears. CMMs and GMIs perform
tactile measurements of selected surfaces, and the result of such measurements is usually
recorded as measuring points or profiles. However, these devices have reached state-of-the-art,
and significant accuracy and measurement speed improvements are hardly expected [78].
Nonetheless, CMMs and GMIs still have the best measurement accuracy and repeatability.

They are considered as a referent measurement method for gear quality control.

On the other hand, CMMs and GMIs have certain drawbacks. Data acquisition is time-
consuming; therefore, providing three-dimensional (3D) data of the entire geometry is not

feasible since every point on the surface should be probed. Additionally, the recorded points
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are further postprocessed due to signal delay, inaccuracy of measurement coordinate system
and radius of the probe. In the case of gear measurement, the border areas of tooth surfaces
(tooth gap) cannot be measured accurately since the probe would touch multiple locations at
once [79]. Multiple contact measuring machines or systems are sometimes needed to inspect a
gear pair fully according to standards. Lastly, a controlled environment is needed for contact
measuring systems to operate properly due to high sensitivity to vibrations and temperature

variations.

Figure 31. Gear measurement using CMM/GMI [80]

In recent years, non-contact measurement methods capable of fast data acquisition that results
in 3D scans of complex workpieces have become an alternative. Such methods include laser
incorporated in CMM, computed tomography (CT), and 3D optical scanning. Amongst the
mentioned methods, 3D optical scanning provides certain advantages compared to contact
measurement methods. These advantages are evident in a high sampling rate, the ability to scan
objects made from any material, relatively high measurement accuracy, measuring hard-to-

reach spaces and features (e.g., gear tooth gap/flanks), and it is relatively simple to use [1].

3D optical scanning can be based on different optical metrology approaches, such as optical
interferometry, stereo vision, time-of-flight (TOF) technique, and structured light. The
structured light technique is among the most popular due to its high measurement accuracy,
point density, speed, simple hardware configuration, and low cost. In optical metrology,
structured light is used in the form of fringe projection patterns with sinusoidal form and is
often referred to as fringe projection profilometry (FPP). Firstly, fringe patterns are projected
onto the scanned object and then captured from different angles, usually by two cameras. The
original fringes would be captured as deformed due to the geometry of the scanned object (i.e.
the difference in the height of the measured object) thus encoding the object’s depth into the

phase of the fringe images. Then, the images are processed by algorithms to obtain phase
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distribution which is used to recreate the surface of the scanned object based on the triangulation
process to determine the location of a point in space [79,81,82]. A schematic of fringe projection
profilometry is presented in Figure 32.

Surface of object
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Projector \\\ ///
pixel | Camera 1/ \\\/,/ , \ Camera 2
Projector Camera Image 1 Image 2
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Figure 32. a) Schematic of fringe projection profilometry, according to [82], b) Two camera system,
according to [79]

Recent studies have focused on comparing 3D optical scanning to contact measurement
methods (mainly CMMs), estimating measurement uncertainty and accuracy, and employing

3D optical scanning in gear inspection.

Matache et al. [83] compared 3D optical scanning and CMM in the dimensional gas turbine
inspection. The findings suggested that CMM had slightly higher accuracy with a downside of
higher workload and inability to capture whole geometry compared to 3D optical scanning.
Gapinski et al. [84] compared CMM, 3D optical scanning, and 3D computed tomography (CT).
Based on observed geometry types such as plane flatness and angles, spheres, and holes, CMM
and CT performed more precisely when measuring small narrow holes while 3D optical
scanning excelled in positional measurements. Barbero and Ureta [85] compared different
digitalization techniques and their accuracy. Among other non-contact measurement methods,
the 3D optical scanner with fringe projection system (ATOS scanner) had accuracy and

measurement uncertainty comparable with the laser mounted in the CMM system.

One of the major drawbacks of 3D optical scanning is the lack of universally accepted standards
for the performance evaluation of such systems. Currently, VDI/VDE 2634 is the only general
guideline related to 3D optical systems. Some recent studies were therefore directed towards
estimating measurement uncertainty and accuracy in 3D optical scanning. Urbas et al. [86]
obtained a combined measurement uncertainty of 4.24 pm for 3D optical scanning and 2.82 pm
for the CMM while conducting gear inspection. Ghandali et al. [87] determined expanded

uncertainty for structured-light 3D scanners based on novel reference artifacts. Estimated
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expanded uncertainties were 4.42 um for distance and 1.28 pum for size and form. Mendricky
[88] dealt with the measurement accuracy of ATOS 3D scanners. The author developed a new
calibration etalon and compared it to the so-called “Acceptance test” based on VDI 2634
(currently the only way to express the accuracy of an ATOS 3D scanner explicitly). The
comparison showed that in the case of a scanner with a smaller measuring volume (MV 55),
the errors were slightly larger than those in the “Acceptance test”. However, the magnitude of
errors was not higher than 0.01 mm suggesting that the system is still measuring properly. In
the case of scanners with large measuring volumes (MV 250 and MV 700) the results were even
better than those officially reported in the “Acceptance test”. Additionally, it was concluded
that the device should be calibrated often regardless of its non-problematic operation. After
calibration, the measured values were much closer to nominal values. Lastly, the influence of
anti-reflective coating, which must be applied when scanning highly reflective objects, is
analyzed. The application of coating, usually in the form of a sprayed powder, increases
measured values uniformly by 5-10 um. The difference in spraying one or two layers resulted
in an average difference of 3 um in measured values. As the coating is applied manually, the
quality of the scanned results depends highly on the operator’s competence. The insufficient
coating represents a much more serious problem as local reflections may cause irregularities

leading to local errors thus decreasing the objectivity of the measurement.

Gear inspection is an interesting topic for 3D optical scanning applications due to the complex
geometry in gears and strict requirements for their dimensional accuracy. Urbas et al. [86,89]
conducted a dimensional inspection of polymer gears according to ISO 1328-1 standard. They
concluded that 3D optical scanning is suitable for evaluating injection molded gears.
Additionally, Urbas et al. [90] compared different alignment methodologies in the gear
inspection process based on point clouds obtained from 3D optical scanning. Results showed
that the global alignment method used in commercially available GOM Inspect software for
dimensional inspection of point clouds obtained through 3D optical scanning underperformed
compared to the newly developed four sequential step method. Lu et al. [79] optically scanned
face gears. The authors managed to obtain the model of complete gear tooth surfaces used to
develop a finite element method model. The results showed that gear deviations caused edge

contact, significantly reducing the gear’s contact and bending strength.

To sum up, 3D optical scanning has some distinct advantages over CMM while still falling
somewhat behind in terms of accuracy and repeatability. The high sampling rate and ability to

capture the whole geometry of the scanned object represent significant benefits when inspecting
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large and/or complex geometry compared to CMM’s low sampling rate and ability to capture
only specific points or sections. When it comes to accuracy, CMM still represents the gold
standard. However, research data suggest that accuracy and measurement uncertainty in 3D
scanners are almost on par with CMM, implying that 3D optical scanning represents a reliable

alternative to conventional contact measurement methods.

4.3 Worm pair scanning process

Worm pairs were 3D optically scanned by ATOS scanners based on structured light in the
form of fringe projection patterns. Worm and worm wheels were scanned using the ATOS 5
400 MV 320 system, while worm pair housing was scanned using the ATOS I11 400 MV 320
system. Both are stereo systems with one projector and two cameras and have measuring

volumes of 320 mm x 240 mm x 240 mm. The scanning process consisted of:

1. Calibrating the system.

2. Placing reference points on the scanned object. Most features of scanned objects are not
visible from a single measurement position. Therefore, partial scans from different
angles are needed to obtain the complete geometry of the scanned object. Reference
points enable the scanner to accurately position during the scans and combine partial
scans into the final point cloud of the scanned object.

3. Applying anti-reflection coating on the scanned object (both worm and worm wheel
have highly reflective surfaces).

4. Removing the coating from reference points to enable accurate recognition of object’s
positions during the scanning process.

5. Scanning the object from multiple angles/positions as it is being incrementally rotated

on the rotary table.

The scanning process is depicted in Figure 33. The acceptance test values, which are used to

verify the accuracy of the scanners, are provided in Table 17.
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Figure 33. Scanning process: a) System calibration, b) Anti-reflective coating and reference point
application, ¢) Worm wheel on the rotary table during the scanning process

Table 17. Acceptance test values

Scanner ATOS 5400 MV 320 ATOS 3 MV 320

Parameter Maximum deviation, Maximum deviation, Limit,
mm mm mm

Probing error form (sigma) 0.001 0.001 0.004

Probing error (size) 0.004 0.004 0.015

Sphere spacing error -0.008 0.006 0.012

Length measurement error -0.006 -0.006 0.027
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4.4 Processing of scanned data

The result of the scanning process is a triangulated surface file based on the point cloud
of the object. While the worm was scanned as a single part, the worm wheel was scanned in an
assembly with a hub and shaft. The goal was to consider possible assembly errors that hub and
shaft connections induced. These errors can greatly affect the worm wheel position inside the
gearbox, changing the meshing conditions and load sharing during worm pair operation. On
average, the worm scan had 500 000 points, the worm wheel scan had 1 100 000 points, and
the housing scan had 5 000 000 points (Figure 34). The scans were analyzed in GOM Inspect
software [91] specialized for geometric dimensioning and tolerancing (GD&T) and post-
processing of scanned data. The software has been tested and certified by PTB (Physikalisch-
Technische Bundesanstalt is the National Metrology Institute of Germany) and NIST (The

National Institute of Standards and Technology, United States of America) to ensure precise

measurement accuracy.

a) b) ¢)
Figure 34. 3D optical scans of a) worm, b) worm wheel assembly, c) housing
Before any measurements, the scan alignment must be carried out. The procedure of the worm
wheel assembly alignment will be presented. Similar procedures were undertaken for worm and
housing alignment. The alignment was conducted to replicate the working conditions as

accurately as possible:

1. Plane 1 and Plane 2 were fitted on the sides of the worm wheel, thus serving for the
creation of symmetrical Plane 3

2. The axis of rotation was defined by fitting the cylinder using Bearing location 1 and
Bearing location 2 on the shaft

3. The intersection between Plane 3 and the axis of rotation was set up as Origin

4. Mid-plane was created as normal to the axis of rotaion, positioned by the Origin
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5. Plane 5 was created as normal to the Plane 4 (key slot plane)
6. 3-2-1 alignment (ZZZ-XX-Y) was carried out. Three points (z1, z2, and z3) were
selected in Mid-plane (now Plane Z), two points (x1 and x2) in Plane 5 (now Plane

X), and one point (y) in Origin

Plane 3 Mid-plane

(Symmetrical) Plane 5 y

X\I/'Z

Plane 2
Plane 1 we
™~ Bearing Plane 4
location (key slot)
Bearing /
location
N

Origin

Figure 35. Worm wheel assembly alignment

Mid-plane was used to create a worm wheel mid-section where most deviations are inspected,
as the standard suggests [10,11]. The pitch circle was constructed in Mid-plane and its
intersection with the mid-section resulted in a point cloud suitable for pitch evaluation. Pitch
deviation was measured between two points on two neighboring active flanks of the teeth, as
presented in Figure 36.

mid-section
pitch

pitch circle

Figure 36. Pitch deviation measurement on scanned data

Total profile deviation F, was evaluated on each tooth’s active flank over the evaluation range
defined by the start and end of the active profile diameter. The start of the active profile was

calculated according to [92] and is approximately 136.58 mm while the end of the active profile
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diameter is at 152 mm as no tooth tip alternations were present in worm wheel tooth geometry
(Figure 37).

Figure 37. Tooth flank profile used for evaluation

The process of evaluating tooth flanks from scanned data was developed by Urbas et al. [86].

The difference between actual and theoretical flank shape is calculated using expressions:

rbz “Ym + T Xm \/xm2 + Ym? — 12 (37)
Xm® + Ym®

yr =

T2 = Ym *
xT=% (38)
m

The points denoted with subscript T form a tangent to the base circle when connected to the
points on the actual flank. From the values on the base circle, the angular position ¢ of each
point can be calculated according to the expression (39). The points on theoretical involute can
be calculated using expressions (40) and (41):

X

@ = arccos — (39)

Th
XA =T1,°COSQ + 1, @ sing (40)
Ya=Tp SiNQ -1, @ cose (41)

The difference in the tangent between the actual and theoretical profile is the measured
deviation. The process is presented in Figure 38.
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Figure 38. Tooth flank evaluation

Runout deviation Fr was measured by inserting a probing ball in each tooth gap. The diameter
of the probing ball was 7 mm. The diameter of the circle passing through the probing ball center
was 147.35 mm. Firstly, the center of the tooth gap is defined as half the distance between two
neighboring flanks. Then, a sphere (ball) was constructed and projected on the scanned object
with the condition of touching the object in two points, i.e., simultaneously touching both
flanks. The theoretical probing ball position is represented in blue, while the actual probing ball
position is represented in green (Figure 39). The difference between the measured distances
from the worm wheel origin to each probing ball center is denoted as a runout deviation.

diameter for probing ball theoretical probing ball position

ured
Nce

actual probing ball position

megg
dlsta

Figure 39. Runout deviation measurement on scanned data
Although this deviation is not considered through the standard [10,11], the axial runout was
also measured on the worm wheel. Zezelj [25] noticed that axial runout greatly impacts contact
patterns in worm wheels. Due to axial runout, the contact pattern can vary significantly among
the teeth of the worm wheel. This can result in uneven load distribution and pitting formation.
Axial runout is schematically represented in Figure 40. Plane 3 is a symmetrical plane based

on Plane 1 and Plane 2, representing the worm wheel’s sides. Thus, Plane 3 is not necessarily
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perpendicular to the worm wheel axis. Mid-plane is constructed as a perpendicular plane to the

worm wheel axis and includes the intersection point of axis z and Plane 3. The axial runout is

measured at the position of every worm wheel tooth as the distance between the Plane 3 and

Mid-plane in the direction of the worm wheel axis (Figure 35, axis z). A significant deviation

between Plane 3 and Mid-plane is shown for a better presentation.

Axial runout

Mid-plane

axis z

Worm wheel

Axial runout

Figure 40. Axial runout

Lastly, the worm wheel wear was measured through tooth thickness reduction. Tooth thickness

was measured on the reference circle in Mid-plane as an arc length between the left and right

flank of the same tooth. The procedure was similar to pitch deviation measurement.
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Surface texturing

Surface texturing is a topic of great interest today. It is primarily directed towards
friction and wear reduction between contacting surfaces in various applications. Most research
has been conducted on simple geometry tested in controlled environment. Applying surface
texturing in machine elements (components) under actual working conditions is also available,
albeit scarcer in literature. As a part of this thesis, the goal was to investigate available surface
texturing methods and their applicability to worm pairs, either worm or worm wheel. This
chapter will cover surface texturing methods, their application in gears, and the final selection
of surface texturing method that will be applied and investigated in this research.

5.1 Surface texturing methods

In mechanical engineering, surface texturing is usually a modification in the surface
topography of metal surfaces with the aim of friction and wear reduction. In literature, textured
surfaces can also be referred to as “structured”, “patterned”, or “engineered.” The term
“texture” is also used to define surface finish characterized by surface features: lay, roughness,
and waviness [93]. Textured surfaces have been investigated in conformal or non-conformal
contacts operating in dry or lubricated conditions. When discussing surface texture effects in
lubricated conditions, the distinction is usually made between boundary, mixed, or
hydrodynamic lubrication regimes, as each has fairly different characteristic. Surface textures

are characterized by their shape, geometry (diameter and depth, Figure 41), aspect ratio (ratio
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of the depth and the characteristic diameter of the surface feature), and texture density (ratio of
the surface area covered by the texture and total area of a surface) [94]. The most common type
of surface texture used in lubricated contacts are dimples of various shapes and surface density.
Surface textures are created with a variety of methods, among which most used are laser surface
texturing (LST) and etching. In contrast, among the other methods considered for surface
texturing in this research, the focus can be placed on mechanical indentation, shot peening, and
electropolishing [20,94-96].

pm
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Figure 41. Dimple profile

Laser surface texturing (LST) is the most widely used method for surface texture creation. In
LST, the laser beam melts and vaporizes the material from the surface, thus creating desirable
shapes and sizes of microfeatures that can be as small as a few microns. High-frequency lasers
(nanosecond and femtosecond laser) ensure high texturing speed and accuracy. Texture’s depth
and aspect ratio are controlled through laser pulse duration, wavelength, and power [97]. Due
to the high energy present in LST, the thermal effects of LST affect nearby surface properties
in terms of hardness reduction and creation of bulges/burrs around produced dimples which are
often removed by a post-texturing process such as grinding or polishing [38] (Figure 42b). The
most commonly used are CO; and Nd: YAG lasers, the latter being most suitable for creating

textures on steel surfaces [96].
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Figure 42. Laser surface textures: a) dimples of 40 um in diameter (polished after LST) [98],
b) dimple obtained with laser wavelength of 532 nm (non-polished after LST, visible bulges and
debris) [99]

Etching is a material removal process due to a chemical reaction between exposed areas or
patterns on base material with a chemical agent, usually acid or alkaline (wet etching) or
plasma/reactive gases (dry etching). The method alters surface topography but does not alter
the mechanical properties of the base material. Another advantage is that etching can be applied
to complex geometry and irregular shapes which is not true with LST. A masking step defines
the etching process regarding cost, texture pattern, and accuracy [95,97,100]. Some etching and
masking methods include photolithography (the texturing technique is known as photochemical
texturing [101]), ink-jet printing [102], and maskless electrochemical texturing (MECT) in
which the pattern is present in cathode tool and avoids the need for masks to be applied to
individual workpieces [103]. Examples of etched surfaces are presented in Figure 43.
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Figure 43. Etched surfaces: a) photolithography [104], b) MECT [103], ¢) chemically etched spur gear
teeth [44]

Mechanical indentation is a method in which a single-shaped indenter, patterned roller, or
patterned tool transfers its shape by being pressed into the surface (Figure 44). The indentation
can also be done using Rockwell or Vickers indenters. However, the method can be very time-

consuming if each dimple must be obtained one at a time [105].

Figure 44. Surface textures created by mechanical indentation: a) micro-dimple rolling operation
[106], b) roller surface indented using a Rockwell indenter [34]

Shot peening is a method widely used in industry to improve the fatigue strength of machine
elements (e.g., gears, springs, shafts) subjected to fatigue loading. During the process, the
surface is blasted with small beads of known diameter creating a residual compressive stress
zone on the surface [107]. Additionally, a dimple-like surface texture is formed during the
process as each impact creates a valley and peak. The beads are usually made of hardened steel
or glass. The shot-peened surfaces are frequently polished afterward to smooth the peaks and

reduce surface roughness, as seen in Figure 45 [108].
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Figure 45. Shot peened surface: a) ground surface, b) shot peened surface, ¢) shot peened surface after
polishing [108]

Electropolishing is an electrochemical process aimed to passivate, deburr, or improve the
surface finish of the metal part by making it anodic in an appropriate solution [18]. Although
almost any metal can be electropolished, the most common materials are stainless steel,
aluminum, titanium, and copper. It is relatively simple, especially for complex geometry
workpieces; it is used to sterilize equipment in the medical and food processing industry and to
achieve mirror-like finishes in various products. However, when electropolishing is conducted
at elevated potentials (higher current densities) the surface has many pores/pits and shallow
dimples, therefore creating a surface texture. Examples of surfaces modified by electropolishing

are presented in Figure 46.
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Figure 46. Electropolished surfaces: a) carbon gear steel ground vs. electropolished surface [109],
b) stainless steel surfaces electropolished with various current densities and time duration [110]
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5.2 Surface texturing in gears

Gears represent one of the most important means of motion and torque transmission.
The tribological system in gear contact is characterized by non-conformal, highly loaded
contact operating in boundary or mixed lubrication regimes. The oil film thickness in such
contacts is often less than valley-to-peak height, thus leading to strong asperity interactions
[42]. On the one hand, as gears are used in many industrial applications, they represent highly
desirable machine elements for surface texture application. On the other hand, unfavorable
contact and lubrication conditions suggest that surface textures would not withstand long in
such conditions before degrading or losing their functional abilities. Moreover, complex gear
geometry paired with tight tolerances poses another obstacle that must be overcome during
surface texture application. Additionally, many gears are case-carburized. Therefore, the impact
of a certain surface texturing method, such as the laser source, may severely reduce surface
hardness [20]. Usually, gear lubrication conditions are improved by grounding or
superfinishing. Britton et al. reported a decrease in friction by 30% in super-finished gears,
presumably due to a significant reduction in asperity interaction [42]. However, successful
effects of surface texturing in gears have been reported. Nakatsuji and Mori [40,41,43,109]
investigated electropolished gear steel surfaces and electropolished gears. The produced surface
had many micropores and shallow dimples that encouraged the creation of the oil film,
consequently improving the pitting durability by 50%. Gupta et al. [44] chemically etched
(Figure 43c) and laser textured [45] spur gear teeth flanks, producing a dimpled surface. Results
showed reduced wear and a significant decrease in vibration amplitudes and temperature rise.
The vertically placed ellipsoidal dimples yielded the best results regarding improved lubrication
conditions. Li et al. [39] shot peened specimens made of gear steel using fine particles with an
average diameter of less than 200 um. A positive influence on the friction coefficient reduction
in the boundary lubrication regime was attributed to the dimpled surface. Even better results
were achieved using dual fine particle peening. Petare et al. [46,111] laser textured helical and
straight bevel gears followed by an abrasive flow finishing process (AFF). The results showed
friction reduction and higher wear resistance than untextured gears as AFF improved surface
roughness and microhardness. Compared to available surface texturing research in literature,
the application of surface texturing in gears is relatively scarce and has yet to be more

thoroughly investigated.

71



5.3 Selection of surface texturing method

After a thorough literature review, by assessing potential surface texturing methods and
considering their possible application in gears, a summary of the most influential factors

evaluated for each surface texturing method is provided in Table 18.

Table 18. Summary of presented surface texturing methods

LST Etching | Indentation | Shot peening | Electropolishing

Easiness of use - - +/- - +
Texturing speed + + +/- + +
Texturing accuracy + + + +/- -
Side effects on the

- + + + +/-
base material
Application to

- + +/- +/- +
complex geometry
Cost - +/- + +/- +

Based on the evaluation criteria presented in Table 18, electropolishing was chosen as a
promising surface texturing method that can successfully be applied in worm pairs. The method
is simple and most easily applicable to complex geometry among all investigated surface
texturing methods. The electropolishing duration is usually a few minutes long thus being
relatively fast. The side effects on base material are non-existent or minimal if talking of surface
hardness reduction when electropolishing with higher current densities [41]. Finally, the cost
of the required equipment and the surface texturing process itself is low. However, the
significant drawback of electropolishing is its inability to accurately control the surface texture
geometry or surface density. Depending on the current density, the produced texture can have
shallower or deeper pits/dimples and their surface density is only somewhat controlled by
electropolishing duration. The exact position and arrangement of dimples cannot be achieved.
Despite the apparent drawback, electropolishing is very economical process. On an industrial
scale, electropolishing is usually employed on large batches meaning that surface texturing can

simultaneously be applied to many workpieces.

In this research, electropolishing was applied to a worm made of case-carburized 16MnCr5
steel. Carburized steel, commonly used as a worm material, exhibits little to no wear due to its
superior hardness compared to bronze, commonly used as the worm wheel material. The wear

rate of the bronze wheel is the highest in the running-in period when the contact pattern is not
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fully established. Therefore, any surface texture introduced on steel worm will last considerably

longer and produce longer-lasting benefits introduced by surface texturing.
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Tribological behavior of electropolished steel-
bronze pair in mixed and boundary lubrication
regimes

After the appropriate surface texturing method, in the form of electropolishing, was
selected, it was investigated on a simple geometry. The block-on-disc experimental setup was
employed, and the sliding tests were carried out. In this chapter, the electropolishing procedure
will be explained and the effect of electropolishing parameters on the surface topography of
case-carburized 16MnCr5 steel will be presented. Also, the results of the steel-bronze sliding
tests will be presented in terms of coefficient of friction, wear, surface topography, and
chemical composition modifications. The results presented in this chapter were published in an
article The Effect of Steel Electropolishing on the Tribological Behavior of a Steel-Bronze Pair
in the Mixed and Boundary Lubrication Regimes authored by Magovi¢, R.; Miler, D.; Cular, L;
Jakovljevi¢, S.; Sercer, M..; Zeielj, D. [18].

6.1 Electropolishing process

Electropolishing (electrochemical polishing or electrolytic polishing) is an
electrochemical process aimed to passivate, deburr, or improve the surface finish of the metal
part by making it anodic in an appropriate solution. In other words, it is a finishing process that
removes material from a metal based on an anodic dissolution process, in which the material is

removed ion by ion from the workpiece surface. The workpiece is immersed in a temperature-
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controlled bath comprised of an electrolytic solution and connected to the positive polarity of a
power supply, thus serving as the anode. The negative polarity is connected to the cathode. As
electric current passes from the anode to the cathode, the anodic dissolution occurs, removing
surface impurities and irregularities. Reduction reaction occurs at the cathode, which normally
produces hydrogen [112,113]. The result of electropolishing is a smooth and bright surface.
Therefore, it is commonly employed to replace abrasive surface finishing methods such as
grinding, polishing, or superfinishing, especially if surface finishing must be applied to complex
geometries. The electrolytic solution or bath is normally a highly viscous and conductive media,
such as concentrated phosphoric or sulfuric acid or acid mixtures [114-116]. According to
electropolishing theory [117], a potential applied to an electropolishing cell (a system of anode,
cathode, and electrolytic solution) results in the formation of viscous film (anodic film) on the
surface of the anode that has greater electrical resistance and viscosity than the remainder of
the electrolytic solution (Figure 47a). As surface peaks are covered with thinner viscous film,
their electrical resistance is lower (A-B) than the valleys (C-D) and the rest of the surface. This
allows the current to primarily affect surface irregularities, namely peaks, and thus reduce the
surface roughness. The process continues until the peaks are reduced to the level of the surface
[118]. The current density-voltage relationship plays a crucial role in the electropolishing
process. As presented by Hahn and Marder [119], the curve has a few specific regions: A-B,
etching (no anodic film); B-C, unstable etching (anodic film starts to form); C-D, stable plateau

with polishing; and D-E, gas evolution with pitting (anodic film dissolves).
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Figure 47. Fundamentals of electropolishing: a) electropolishing mechanism, b) electropolishing
curve [119]

In terms of conventional electropolishing, i.e., aiming to achieve superior surface roughness
and appearance, the goal is to conduct electropolishing in the C-D region (polishing plateau).

However, if the goal is to induce pits/dimples and create a surface texture, one should aim
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towards the D-E region where surface pitting appears due to gas evolution. Several potential
explanations of pitting formation can be found in existing research. The formation mechanism
of pitting is explained by the Broken Bubble Tunnelling Effect (BBTE) [118]. Under higher
current densities, pitting occurs as oxygen bubbles evolve from the surface (i.e., gas evolution).
A broken bubble represents a place with lower electrical resistance and, thus, higher current
density. This leads to an increased dissolution rate, resulting in a pitting hole. Neufeld and
Southall [110] reported that pitting occurs as oxygen evolves. Pits during electropolishing are
internally polished and superimposed on the polishing process. In other words, pitting does not
cause the breakdown of special surface conditions that support polishing. Apart from the gas
evolution, Imboden and Sibley [120] argued that pits also occur near surface inclusions and can
be significantly reduced by mild agitation of the solution. Lastly, Pendyala et al. [121] referred
to a phenomenon known as streaking due to gas evolution which, contributing to uneven pit
distribution. The authors also concluded that mechanically polished surfaces, due to the non-
uniform nature of the oxide layer and sub-surface damage, resulted in pitting of the surface in
the initial stages of electropolishing.

6.2 Electropolishing setup

Electropolishing of case-carburized 16MnCr5 is scarce in literature since carbon steels
are not usually considered for finishing via electropolishing. The parameters for
electropolishing plain carbon steel can be found in [120] while processing guidelines for
carburized 20MnCr5 steel can be obtained from [122]. Moreover, some general information
regarding the electropolishing parameters for various metals can be found in the ASTM-E1558
standard [123]. The employed electropolishing setup is shown in Figure 48.
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Figure 48. Electropolishing setup: a) schematic, b) electropolishing of steel worm
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The employed electrolytic solution was a mixture of 34% sulfuric acid, 42% phosphoric acid,
and 24% water, according to the recommendation from the ASTM-E1558 standard [123]. For
electropolishing to be effective, the workpiece should be free of oils, grease, and other
impurities. Before electropolishing, the steel discs were cleaned in an ultrasonic bath with
ethanol (96%) for 10 minutes. Current density ranged from 15 to 50 A/dm?, while
electropolishing time was between 5 and 15 minutes. After electropolishing, the discs were
rinsed and dried to remove the electropolishing solution completely. The solution was not
agitated, and its temperature was kept at 50 + 2°C. The cathode material was stainless steel
AISI 304 in the form of circular hollow tube. In that way, the distance of approximately 3 cm
between electropolished disc (or steel worm) and cathode was rather constant in every direction.
The cathode surface was several times larger than the surface of the electropolished piece. The

side surfaces of the steel disc were insulated using a polytetrafluoroethylene (PTFE) mask [18].

6.3 Experimental setup

Materials used were case-carburized 16MnCr5 steel discs and CuSnl2 bronze
specimens. The material combination was the same as the referent material combination used
in worm pairs and the same as in worm pairs tested in this research (see Materials). Steel discs
were ground or ground and then electropolished, while bronze specimens were either ground
or milled. The surface hardness of steel discs was 800 HV whereas the surface hardness of
bronze specimens was 110 HV. Steel discs and bronze specimens were tested under pure sliding
initial line contact conditions. The lubrication oil was Castrol Alpha SP 150 mineral oil (see

Lubricant selection).

The block-on-disc experimental rig is presented in Figure 49. A similar rig was used in the
research of Miler et al. [124]. The rig comprises a housing, shaft, load cell, torque transducer,
load application mechanism, and electric motor. The rig has a rotating axis and a vertical (static)
axis. The rotating axis consists of an electric motor, a shaft, a torque transducer, bearings, and
a steel disc. The vertical axis consists of a static bronze specimen placed in the specimen holder
connected to the load cell. The load cell was loaded using a spindle piston, thus producing a
normal load. The torque was provided by a 0.55 kW asynchronous electric motor. The rotational
speed of the motor was controlled by a frequency regulator. The compressive load cell with a
maximum capacity of 2 KN and an accuracy grade of 0.2 was used to measure normal force.
The torque transducer with a maximum capacity of 20 Nm and an accuracy grade of 0.2 was

used to measure the torque. A rotating steel disc with the outer diameter dgisc = 60 mm mounted
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on a shaft and a static bronze specimen with the thickness b =5 mm were used to produce initial
line contact. The rotating speed of the steel disc was either 0.33 or 3 m/s, depending on
establishing desirable lubrication regime and conditions. According to Figure 49, the coefficient
of friction is calculated as a ratio of the frictional and the normal force:

_ Friction _ 2 Triction
Fy dgisc * Fn

(42)

A (schematic)

Load cell

Bronze specimen 7 Electric motor

Bronze specimen

holder T

Steel disc

Torque transducer

Lubricant A i Oil inlet

entrainment
a) b)

Figure 49. Block-on-disc experimental rig: a) schematic of contacting geometry, b) experimental rig,
according to [18]

6.4 Surface characteristics of electropolished steel

6.4.1 Surface profile and hardness

In surface texturing, the aim should be to produce a surface with certain surface known
to assist in reducing friction. When dealing with non-conformal highly loaded contact (as
present in this experimental setup and worm pairs), the literature highlights kurtosis (Rku) and
skewness (Rsk) as surface parameters that tend to reduce friction. A symmetrical height
distribution, i.e. with as many peaks as valleys, has zero skewness Rsk = 0, while predominant
peaks and spikes on a surface result in positive skewness, Rsk > 0. In contrast, dimpled surfaces
with deep valleys and peaks removed have negative skewness, Rs < 0. The kurtosis coefficient
describes the sharpness of the probability density of the profile. If Rk, < 3, the distribution curve
is characterized by relatively few high peaks and low valleys. On the other hand, if Rky > 3, the
distribution curve is characterized by many high peaks and low valleys [125]. A schematic

representation of kurtosis and skewness is given in Figure 50.
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Figure 50. Kurtosis Rk, and skewness Rsk [18]

The effect of kurtosis and skewness was covered by many investigations in surface texturing.
Akamatsu et al. [126] investigated rolling bearing fatigue life with several surface texture types
under mixed and boundary lubrication regimes. Skewness ranged from -0.01 to
-2.0. The results showed that bearings with more negative skewness had a longer life. Sedlacek
et al. [127] investigated the tribological behavior of ground and polished hardened steel discs.
Using different grades of grinding and polishing, the produced samples had significant
differences in S and Sk parameters (S denotes areal parameters). The most dominant
parameter in friction reduction was negative Ssk. The more negative it was, the lower friction
could be expected, even at higher average surface roughness. Sedlacek et al. [128] also
investigated surface textures produced by LST. They concluded that a combination of more
negative skewness and high kurtosis results in a coefficient of friction reduction. Krupka et al.
[36] observed that shallow pits work as lubricant micro reservoirs, while deep grooves can be
detrimental in the form of lubrication film breakdown in non-conformal contacts under a mixed
lubrication regime. Dzierwa [129] concluded that increased kurtosis and more negative
skewness results in lower wear volume under dry sliding conditions in steel-steel contact.
Podgornik et al. [130] investigated surface textures in terms of dimple size and density. In the
case of textured surfaces, a reduction in dimple size and density resulted in higher kurtosis and
more negative skewness, which led to lower friction under the boundary lubrication regime.
The skewness was in the range from Rsk = -0.5 to Rsk = -1.5 while kurtosis varied from Riy =
1.8 to Rku = 5.5. Based on the literature overview, the conclusion arises that surface topography
designated by high kurtosis and negative skewness positively contribute to friction and/or wear

reduction in highly loaded non-conformal contacts.

The electropolished surface reported by Naktsuji and Mori [40] had values of Rsx~ - 0.95. This
suggests that electropolishing can produce a desirable surface texture according to reports from
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the literature. While producing a surface texture, it is important not to increase an average
surface roughness Ra significantly, as rougher surfaces tend to have a higher coefficient of
friction. The initial surface roughness of steel discs was Ra = 0.2 pum. In this research, two
electropolishing parameters were varied: current density and electropolishing time. Generally,
the higher current density and/or longer electropolishing time, the larger reduction in surface
hardness and change in geometry can be expected. The results of produced electropolished
surfaces are presented in Table 19.

Table 19. Surface parameters of electropolished steel surfaces [18]

Current | Time, Mass Ray um | Rg,um | Re, - Ry, - Ri, um | Rpk, pm | Ryk, pm

density, | min loss, g

Aldm?
15 5 0.041 0.46 0.62 -0.08 3.3 1.38 0.48 0.62
25 15 0.37 0.27 0.41 -0.93 6.13 0.78 0.30 0.62
30 5 0.18 0.27 0.37 -1.15 7.13 0.93 0.34 0.98
30 10 0.35 0.31 0.44 -1.25 6.63 0.80 0.28 0.93
30 15 0.41 0.43 0.61 -1.39 6.61 1.05 0.34 0.86
40 15 0.47 0.34 0.44 -0.51 4.44 1.02 0.38 0.75
50 15 0.47 0.39 0.48 -0.79 4.83 111 0.36 0.77

The current density of 15 A/dm? produced an unacceptable surface with a higher Ra value and
skewness R« ~ 0. Current densities of 25 A/dm? and 30 A/dm? yielded acceptable surfaces
characterized by a small increase in surface roughness Ra and high Ry and negative Rsk values.
Higher values of current density (40 A/dm? and 50 A/dm?) produced surfaces with significantly
higher Ra values. The current density of 30 A/dm? and electropolishing time of 5 minutes were
adopted based on different combinations tested. The evaluating factors were produced surface
topography and possible impact on surface hardness and geometry (significant mass loss can
indicate a possible change in the outer diameter of the disc as it was the only surface being
electropolished).

The hardness profile of steel discs is given in Figure 51. Surface hardness HV 0.2 for ground
and electropolished steel discs corresponded to 810 HV and 661 HV, respectively, indicating
an 18% reduced surface hardness of electropolished steel. Surface hardness reduction occurs
due to the partial removal of a thin hardened layer and the formation of oxide and phosphoric

film on the disc surface by electropolishing [43].
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Figure 51. Hardness profile of stee discs [18]

The surface profile was acquired using a Mitutoyo SJ-500 measuring instrument according to

the 1ISO 4287 standard [131]. A comparison of surface profiles of ground and electropolished

steel discs is presented in Figure 52. The surface profile of ground steel exhibited a uniform

shape with a Ra = 0.169 um and a Rsk = 0. On the other hand, the surface profile of the

electropolished steel had stochastically distributed pits. Pit (dimple) diameter varies from

approximately 10 um to 20 pm, with their depths ranging from 1 pum to 4 um. The surface pits

on the electropolished steel disc increased the average surface roughness value to Ra = 0.313

um and changed skewness to Rs = -1.563. It must be pointed out that a higher Ra value was

primarily a consequence of produced pits. For example, the Ra of the electropolished surface

profile measured between profile length from 0.4 mm to 0.6 mm (i.e., between two pits, Figure

52b) had Ra = 0.194 pum, similar to the value of Ra = 0.169 um measured on ground surface.
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Figure 52. Surface roughness of a) ground steel disc, b) electropolished steel disc [18]
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The summary of average surface profile values is provided in Table 20. Steel discs were ground
or ground and additionally electropolished. Bronze specimens were milled or ground as these

machining processes are commonly used for bronze worm wheel manufacturing.

Table 20. Average surface profile values of investigated steel discs and bronze specimens

Steel disc Ra, um | Rg,um | R, - Rku, - Rk, pm | Rpk, um | Ry, um
Ground 0.21 0.24 -0.07 |1.88 0.67 0.10 0.14
Ground + Electropolished | 0.27 0.37 -1.15 | 7.13 0.93 0.34 0.98

Bronze specimen Ra, um | Rg, um | Ry, - Ry, - Rk, um | Rpk, um | Ry, um
Ground 0.13 0.16 0.13 2.73 0.33 0.25 0.09
Milled 0.69 0.86 0.37 2.76 2.09 0.98 0.63

6.4.2 Chemical composition and pit area density

The chemical composition of the ground and electropolished steel surfaces was obtained
by Energy Dispersive Spectroscopy (EDS Oxford Instruments), presented in Figure 53. The
comparison of results is presented in Table 21. The results of electropolished case-carburized
16MnCr5 steel draw a parallel with reported findings on medium carbon steel by Nakatsuji and
Mori [43]. Electropolishing passivates the workpiece due to the formation of the oxide surface
film and phosphoric compounds as a high percentage of oxygen and phosphorus was observed
on the electropolished steel surface. The generation of the phosphate layer is a phenomenon
also reported by Gabe [114] when mild steel electropolishing is conducted in phosphoric and
sulfuric acid. The author stated that the layer has a role of secondary passivation. The darker
appearance of electropolished steel discs can be attributed to changes in chemical composition

and produced surface pits (Figure 54).
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Figure 53. EDS spectrum of a) ground steel disc, b) electropolished steel disc [18]
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Table 21. Comparison of surface chemical compositions, wt.% [18]

Element Fe O P N Si Cr Mn

Ground steel 96.67 - - 0.85 0.25 0.95 1.35
Electropolished steel 85.78 1.06 0.19 1.01 1.19

Figure 54. The appearance of electropolished steel disc (ESD) vs. ground steel disc (GSD)

Scanning electron microscope (SEM Tescan Vega) images of steel disc surfaces are presented
in Figure 55. The ground steel surface was characterized by grinding marks. In contrast, pits of
irregular shapes and various sizes characterized the electropolished surface. The distribution of
the pits on the electropolished surface was uneven, meaning there were surface regions with
sparser and denser pit distributions. This relates to the main drawback of the electropolishing
process as surface features/textures cannot be precisely produced and evenly distributed. The
pit area density was calculated using commercially available image processing software. In the
regions with sparser pit distribution, the pit area density was 5% of the total area. In denser
regions, that value increased to 12%. On average, the calculated pit area density was 10%. Area
density in the 5-20% range was reported as beneficial in friction reduction in highly loaded
non-conformal contacts [38,99,104,106,132].
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Figure 55. Sem image of a) ground steel surface, b) electropolished steel surface

6.5 Contact characteristics and variable selection

According to the presented experimental setup, the steel disc and the bronze specimen
produce initial line contact. The normal load of 500 N was applied in all tests, resulting in the
initial Hertzian pressure of 292 N/mm?. The load was chosen as a possible design working point
regarding the pitting resistance for CuSn12 at 425 N/mm? [3]. The goal was to replicate highly
loaded non-conformal contact under mixed and boundary lubrication conditions, similar to
those in worm pairs [2]. The film thickness parameter A is often used to classify lubrication
regimes. It is defined as the ratio of the minimum film thickness to the composite surface

roughness [60]:

1 hmin

B T (43)
qu2 + quz

Values A < 1 indicate boundary lubrication, 1 < 1 < 3 represents mixed lubrication, and 1 > 3
designates hydrodynamic lubrication [62]. Minimum film thickness is represented as hmin while
Rq1 and Rq2 represent root mean square roughness of the contacting surfaces, in this case, the
bronze specimen and the steel disc, respectively. In order to calculate hmin, the corresponding
dimensionless film thickness parameter for line contact, Hmin, was calculated according to
Dowson [133]:

B 2.65 - U0.70 . GO.54-

min — W_0_13 (44)
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A detailed description of the expression (44) can be found in [60,133,134]. Parameters used for
calculating Hmin are given in Table 22 while the average surface profile values of steel discs
and bronze specimens are provided in Table 20.

Table 22. Parameters used for the calculation of Hmin

R’ 0.03m

E’ 152 000 N/mm?

U 0.165 m/s | 1.5 m/s
n 5-10-3 Pas (at 60 °C)

a 23-10° m?N

U 1.81-102 | 1.65-10
G 3445

W 2.2:10°

The values of Hmin ranged from 5.2-10°® in the boundary lubrication regime up to 2.5-10 in the

mixed lubrication regime. The expression (45) is used to obtain the hmin value:
hmin = Hmin * R’ (45)

After values of oil film thickness hmin are known, it is possible to calculate A values. The 1
values in all setups presented in Table 23 ranged from 0.16 to 2.48, indicating a boundary or
mixed lubrication regime. The variation in A values was achieved by employing different sliding
speeds (i.e., the rotational speed of a steel disc) and the initial surface roughness of steel discs
and bronze specimens (Table 20). For example, sliding speed v = 0.33 m/s paired with milled
bronze specimens is defined by very low 1 values that indicate boundary lubrication regime
conditions. In Table 23, “G”, “M”, and “E” stand for “ground”, “milled,” and “electropolished”,
respectively, while “SD” and “BS” stand for “steel disc” and “bronze specimen”, respectively.
Three test setup comparisons were performed according to the last column in Table 23: 1 vs. 2,
3 vs. 4, and 5 vs. 6. Each test was repeated three times to ensure the reproducibility of the
results. The tests were conducted for six hours (t = 21 600 s) to investigate the duration of the
running-in phase for different experimental setups and the coefficient of friction at the start of

the test, during the running-in phase, and in a steady-state operation.
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Table 23. Sliding test setups

No. | Steel disc Bronze Sliding A Lubrication | Abbreviation | Comparison
specimen | speed, regime
m/s

1 Ground Ground |3 2.48 | Mixed GSD-GBS

2 Ground + Electropolished | Ground 3 1.86 | Mixed ESD-GBS Lvs.2

3 Ground Milled 3 0.83 | Boundary GSD-MBS

4 Ground + Electropolished | Milled 3 0.76 | Boundary ESD-MBS Sve. 4

5 Ground Milled 0.33 0.17 | Boundary GSD-MBS

6 Ground + Electropolished | Milled 0.33 0.16 | Boundary ESD-MBS ovs. 0

6.6 Results and discussion

6.6.1 Friction and wear

The results of sliding tests are presented for two sliding times:

a) In the first three minutes of the test (t = 180 s), initial non-conformal line contact
can be assumed without a change in contact geometry. The assumption is that no
significant bronze wear occurred during that period, and A values from Table 23 are
applicable. Results are presented in Figure 56.

b) Total sliding time (t = 21 600 s) during which characteristic periods such as running-
in and steady-state period can be observed with a corresponding coefficient of
friction at the start of the test, during the running-in, and in a steady-state operation.
Results are presented in Figure 58.

In the mixed lubrication regime defined by 4 = 2.48 and A = 1.86, and the boundary lubrication
regime defined by 1 =0.76 and /1 = 0.83, electropolished steel lowered the coefficient of friction
significantly compared to ground steel (ESD-GBS vs. GSD-GBS pair, Figure 56a, and ESD-
MBS vs. GSD-MBS pair, Figure 56b). However, in the boundary lubrication regime defined
by 2=0.16 and 4 =0.17, the electropolished steel increased the coefficient of friction in relation
to ground steel (ESD-MBS vs. GSD-MBS pair, Figure 56¢).

A coefficient of friction comparison for non-conformal line contact is provided in Figure 57.
Electropolished steel surface reduced friction in the mixed lubrication regime and the upper
range of the boundary lubrication regime (4 = 0.76 and 1 = 0.83). ESD-GBS and ESD-MBS

pairs had a 30% and 25% lower coefficient of friction compared to GSD pairs, respectively.
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The electropolished surface had a higher Rq, contributing to lower A values than the ground
surface. Generally, rougher surfaces tend to increase friction, but induced surface pits provide
a far greater friction reduction effect. This can be attributed to several factors:

e Surface pits act as lubricant reservoirs providing the functionality of micro-
hydrodynamic bearings resulting in a local increase in the oil film thickness and a lower
coefficient of friction [135,136].

e Dimples can entrap wear debris, especially in boundary lubrication regimes [94].

e Kovalchenko et al. [32,137] reported that the coefficient of friction is significantly
reduced under a mixed lubrication regime as well as that surface texturing helps to
expand the load- and speed-range for which mixed or hydrodynamic lubrication regime

occurs.

However, the results were different in the lower range of the boundary lubrication regime
(A=0.16 and 4 =0.17). The ESD-MBS pair had a 50% higher coefficient of friction compared
to the GSD-MBS pair. The load in the boundary lubrication regime is completely supported by
asperity-asperity interactions, meaning an increase in surface roughness plays a crucial role.
Surface pits induced through electropolishing increase surface roughness, creating more
asperity interactions (Table 20). Additionally, some reported findings expand the general

understanding of surface texturing problems in highly loaded non-conformal contacts:

e For a given oil viscosity, a specific size of dimples is necessary for the maximum
pressure buildup. Moreover, one set of texturing parameters cannot be optimal in all
applications and for all operation points [98]. This suggests there is a possibility that
produced surface pits are not optimal for operation in boundary lubrication regimes
defined by low A values.

e Under high load slow speed conditions, the edge stresses become the dominant factor
affecting friction [138].

e If additional lubricant from pits cannot compensate for an increase in roughness and

edge stresses, the coefficient of friction will increase [139].
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Figure 56. Results of sliding test (t = 180 s): a) the ground bronze specimen in the mixed lubrication
regime, b) the milled bronze specimen in the boundary lubrication regime, ¢) the milled bronze
specimen in the boundary lubrication regime [18]

boundary lubrication mixed lubrication
regime regime

— A — r—)_\
0.1 T T T

0.08

0.06

0.04

0.02 r

Average coefficient of friction

Il GsD-MBS [l GSD-MBS [ |GSD-GBS
I tsp-MBS [l ESD-MBS [ ESD-GBS

Figure 57. Comparison of coefficients of friction [18]
In sliding tests that lasted for a total sliding time of t =21 600 s, electropolished steel performed
with a lower coefficient of friction than ground steel for the tests that started in a mixed
lubrication regime and boundary lubrication regime defined by 4 = 0.76 and 2 = 0.83 (Figure

58a and Figure 58b). Moreover, ESD pairs displayed a faster transition to steady-state friction
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(shorter running-in period). The transition to steady-state friction is caused by bronze specimen
wear, resulting in a contact geometry change. At the start of the test, steel discs and bronze
specimens produce line contact that gradually changes to rectangular contact patch due to
bronze wear (Figure 60). Specifically, contact geometry transforms from non-conformal line
contact to more conformal cylinder-inner cylinder contact. A change in contact geometry
resulted in a lubrication regime shift from boundary or mixed to hydrodynamic, which can also
be observed by the lower coefficient of friction [18].
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Figure 58. Results of the sliding test (t = 21 600 s): a) the ground bronze specimen in the mixed
lubrication regime, b) the milled bronze specimen in the boundary lubrication regime, c) the milled
bronze specimen in the boundary lubrication regime [18]

The bronze wear was assessed by measuring the contact patch area on bronze specimens after
the test (Figure 59). Most of the wear occurred during initial line contact and transitioning to a
more conformal rectangular patch contact. During this running-in period, the coefficient of
friction gradually lowered until a steady-state friction was achieved. Low and unchanged
coefficient of friction values indicate the onset of a hydrodynamic lubrication regime where the
fluid film fully supports contacting surfaces and no further bronze wear occurs. A slightly larger
contact patch area indicates that ESD produced more bronze wear. The difference in contact
patch area can be attributed to a noticeable difference in starting 4 values. As electropolished
surfaces were characterized by higher Ra and Rq values, the 1 value for the ESD-GBS pair
(4 = 1.86) was considerably lower than the GSD-GBS pair (1 = 2.48). The difference in 1 values

indicated a more severe mixed lubrication regime for the ESD-GBS pair.
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On the other hand, when the difference in starting A values was smaller, i.e., GSD-MBS
(4 =0.83) and ESD-MBS (1 = 0.76), the difference in bronze wear was also smaller. Bronze
wear was similar for ESD and GSD pairs that started from the boundary lubrication regime
defined by 2 =0.16-0.17, as their 1 values are essentially the same. The data shows that rougher
electropolished steel discs (ESDs) produce additional wear. Similar findings for textured

surfaces have been reported by Kovalchenko et al. [32] and Wos et al. [140].
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Figure 59. Comparison of bronze specimen wear [18]

Wear results suggest faster running-in for ESD, which was accompanied by somewhat higher
wear. Ibatan et al. [94] and Gachot et al. [95] stated that surface texturing in highly loaded non-
conformal contact tribological systems provides friction reduction through initial wear
generation, allowing a transition of lubricated contact from the high friction boundary regime
to the lower friction mixed regime. The mentioned effect could be beneficial if potential
accelerated wear on the surface is acceptable. However, higher wear may be problematic for
high-precision components. In practice, this finding could benefit components that heavily
depend on proper and efficient running-in, such as gears and worm pairs. In contrast to gears
where the contact is often established between two hardened steel surfaces, in worm pairs the
contact is established between the hard (steel worm) and soft component (worm wheel).
Accelerated bronze wear is inevitable in this case as the worm wheel slowly adjusts to a mating
worm through wear. This effect could prove beneficial for hard-soft component systems as it

promotes more efficient running-in.
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6.6.2 State of surfaces after the tests

Surfaces were investigated by EDS and SEM after the sliding tests. The bronze surface
can be seen in Figure 60, while the electropolished steel surface is presented in Figure 61. EDS
analysis was conducted on two portions of the electropolished surface: base surface and wear
track (Figure 61b). Also, wear track of the bronze specimen was inspected as well. The
difference in chemical composition, mainly evident in the reduction of oxygen and phosphorus,
indicates partial removal of the oxide and phosphate layer from the electropolished steel surface

and partial transfer of oxide compounds on the bronze surface (Table 24).

Contact patch

- -

Milling marks

Sliding direction
-

a) b)

Figure 60. Bronze specimen after the test: a) rectangular contact patch [18], b) SEM image of the
surface

‘ wear track

Figure 61. Electropolished steel surface after the test: a) visible pits on wear track, b) marked
locations analyzed by EDS [18]

Table 24. EDS inspection of surfaces after the test, wt.%

Element Fe ) P N Si Cr Mn
Spectrum 1 (wear track) 9431 | 238 | 021 | 055 | 0.26 1.02 1.27
Spectrum 2 (base surface) 85.78 | 10.11 | 0.65 | 1.06 | 0.19 1.01 1.19
Bronze (wear track) 035 | 494 | 0.03 - 0.12 - -
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Besides surface pits, the formation of an oxide surface layer due to the electropolishing process
could be an additional contributing factor in friction reduction. Hager and Evans [141] showed
that black oxide surfaces yield a similar or lower coefficient of friction than untreated surfaces
and exhibit increased wear in low A value conditions in oil-lubricated rolling/sliding contacts.
Ueda et al. [142] investigated the influence of black oxide coatings on micropitting. The
conclusion was that black oxide coating prevents micropitting on the mating surface through
optimization of the running-in process. The findings in [141] and [142] correlate well with
findings reported for electropolished steel surfaces presented in this research. Another chemical
element in the surface layer of electropolished steel was phosphorus, indicating phosphates
derived from phosphoric acid (H3POs). Although its content is relatively small compared to
oxygen (0.65 vs. 10.11 wt.%), phosphorus is commonly used in various friction reduction
additives and coatings [143,144]. Its presence could also have contributed to the friction
reduction observed in this research. As the results suggest, the oxide surface layer experienced
significant wear during the running-in period and, as such, fulfilled the function of coating only

for a shorter period, as opposed to conventional coatings, which are more durable [18].

Additionally, the surface profile of the electropolished steel wear track was inspected
(Figure 62). According to the measured profile, no changes in Ra or Rs values were detected
and surface pits can still be distinguished (see Figure 61a). Based on the presented results, it
can be concluded that no noticeable wear of the electropolished steel surface occurred despite

the reduced surface hardness of electropolished steel.
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Figure 62. The surface profile of electropolished steel wear track [18]
The coefficient of friction results for non-conformal line contact (Figure 57) can also be
visualized as an approximated Stribeck curve (Figure 63). The benefits of the electropolished
surface first become evident in the boundary Ilubrication regime defined by

A~ 0.5. As the 1 value increases, and mixed lubrication regime is established (1 < 1 < 3), the

92



coefficient of friction reduction becomes less significant. It is important to note that for the
same sliding test conditions, electropolished steel discs (ESD) operated in lubrication regimes
defined by lower A ratios due to surface roughness changes. The employed electropolished
surface lowered the A ratio from 2.48 to 1.86 and 0.83 to 0.76. However, such lubrication
regimes defined by lower A ratios demonstrated significant friction reduction compared to
ground steel discs (GSD). According to the presented Stribeck curve, positive effects should be

expected for A > 0.5, while for lower 1 values, the coefficient of friction increases.
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Figure 63. Stribeck curve for electropolished vs ground steel [18]

6.7 Summary

In this chapter, the tribological behavior of an electropolished steel-bronze pair was
presented based on block-on-disc experimental sliding tests, surface topography evaluation, and
surface chemical composition. The results were compared to the ground steel-bronze pair. The
aim was to simulate tribological conditions found in worm pairs and evaluate the benefits of

electropolished steel surfaces in such circumstances. The following conclusions can be drawn:

e Electropolished steel surface was modified in two ways: by creating surface texture in
the form of surface pits and dimples and by generating a surface coating in the form of
an oxide surface layer

e Compared to the ground steel-bronze pair, electropolished steel reduced friction by 25%
and 30% in the boundary and mixed lubrication regimes defined by A =0.76 up to A =
2.48. In a boundary lubrication regime defined by 1 < 0.5, an increase in the coefficient

of friction should be expected
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e Electropolished steel surfaces resulted in slightly higher wear and faster running-in. This
phenomenon was attributed to a higher average surface roughness Rz and formed oxide
surface layer on the electropolished steel surface. Faster running-in could benefit
machine components that depend on proper and efficient running-in, such as worm

pairs.

Based upon the successful application and investigation of the electropolishing effect in steel-
bronze pair, the continuation of the research will be aimed towards employing electropolishing
on a hardened steel worm and investigating such worm pair behavior in working load
conditions. The results will be compared to a conventional material pair: ground and hardened
steel worm and bronze worm wheel. The expected improvement of lubrication conditions by
employing electropolished worms should primarily be evident in higher overall efficiency

(lower coefficient of friction) or lesser worm wheel tooth damage (pitting and wear).
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Finite element model

This chapter presents the worm pair finite element method (FEM) model developed for
evaluating load and stress distribution in worm pairs. The model is focused on real geometry
worm pairs, meaning it is used to investigate worm pairs “as manufactured”, rather than ideal
worm pair geometry. The goal of the FEM model is to gain a better understanding of how real
geometry affects load and stress distribution in worm pairs. The FEM model is verified with
ISO/TS 14521 standard. This FEM model, in its simplified form, was published in the article
Numerical Model for Worm Gear Pair Inspection Based on 3D Scanned Data authored by
Masovié, R.; Breski, T.; Cular, 1.; Vudkovi¢, K.; Zezelj, D. [1]. The detailed results of FEM

analyses are presented in chapter 9. Results and discussion.

7.1 Finite element method model

The finite element method (FEM) model was developed via commercially available
software Abaqus-Standard [145] to obtain load and stress distribution in investigated worm
pairs. The 3D optical scans of a worm and worm wheel resulted in a fine mesh primarily used
for dimensional inspection in GOM Inspect software. In order to effectively employ scans as
input geometry for the FEM model, the scans were carefully edited to remove redundant data
such as hub, bolt, and shaft before further mesh processing. The edited mesh was then used to
create closed-surface models based on the underlying mesh. Deviations from the underlying

mesh of the worm wheel surface model are shown in Figure 64. Worm wheel surface flanks
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were fitted with a deviation of less than 1 um. Higher deviations, up to 5 um, were present in

edges and parts of the model that were not considered as contacting surfaces. Therefore, the

surface accuracy in those regions was not of vital importance.

Figure 64. Surface model deviations

Created surface models were CAD models that represent the solid bodies of the worm and worm
wheel. This process was needed as 3D scanned data is usually stored in STL format, which is
unsuitable for easy manipulation or mesh editing in Abaqus-Standard. However, CAD models
in their respective formats, e.g. SAT format, can be easily manipulated and edited in Abaqus-
Standard. This enables easier optimization in terms of the type and number of finite elements
used in the FEM model. The above-described process is illustrated in the worm wheel example

in Figure 65. The same process was repeated for the worm CAD model.

scan model surface model imported part

Figure 65. Worm wheel model creation [1]

The modulus of elasticity and Poisson’s ratio for the worm made of 16MnCr5 steel were
E =210 000 N/mm? and v = 0.3, respectively. The modulus of elasticity and Poisson’s ratio for
bronze worm wheels made of CuSn12 were E = 90 000 N/mm? and v = 0.35, respectively. The
material was assumed to be homogeneous, isotropic, and linear-elastic. This FEM model was

based upon the model presented in [15], where worm pair contact was modeled for a static

96



loading case. The model presented in this research additionally accounts for the worm pair’s
rotation and worm shaft deflection. The model represents real contact patterns and load and
stress distribution during a meshing cycle. A schematic representation of the finite element
model is shown in Figure 66. Reference point RP1 was constrained via kinematic coupling to
the inner surface of the worm wheel. Reference points RP, and RPs were constrained via

kinematic coupling to the outer surfaces of the worm shaft.

Figure 66. Schematic representation of finite element model

The model also accounts for the deviations obtained by inspecting 3D optical scan of the
housing. The center distance and shaft angle deviation were considered in the model (Figure
67).

Worm wheel axis
=~

'~

Center distance

Nominal {90.00 mm
Actual  {90.06 mm
Deviation|+0.06 mm|

Vrommn 415 Shaft angle

Nominal | 90.00 °
Actual 89.95°
Deviation| -0.05°

Figure 67. Housing deviations
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7.1.1 Contact definition

Contact between the worm thread flanks and worm wheel flanks was established as
normal behavior, with the softened pressure-overclosure relationship. Also, tangential
behavior with penalty friction formulation was included with a coefficient of friction set at 0.04.
Worm thread flanks were selected as master surfaces, while worm wheel flanks were selected
as slave surfaces. Softened contact defined with a pressure-overclosure relationship was
employed to mitigate problems with hard contact formulation in combination with tetrahedral
elements. The default hard contact formulation may lead to local chattering and non-
convergence of the solution, especially in tetrahedral elements such as C3D10 elements. In
these cases, contact constraints associated with nodes at the corners of C3D10 elements are
likely to chatter due to uneven force distributions for these elements. If the analysis does
converge, the contact pressures are likely to be noisy even though the underlying element
stresses are probably quite accurate. Also, convergence with slave surfaces based on C3D10
elements is improved if a softened pressure—overclosure contact is specified [146]. In this
analysis, the pressure-overclosure relationship was defined by pressure at zero clearance po =
323 N/mm? (Hertzian contact pressure according to ISO/TS 14521, oum = 323 N/mm?,

expression (5)) and clearance at zero pressure co = 0.005 mm (Figure 68).

Contact
pressure A

Exponential pressure-overclosure relationship\\xj Po

- -} ]
Clearance C,

Figure 68. Pressure-overclosure relationship
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7.1.2 Simulation steps and boundary conditions

The simulation was divided into two steps:

1. Application of torque T and establishing the contact
2. The input angle $ was assigned to the worm to enable rotation of the worm and

worm wheel about their respective axes

In the first step, only rotational displacement about RP1 was allowed. Translational degrees of
freedom and a rotational degree of freedom about the worm axis were restricted in RP2, while
translational degrees of freedom in the Y and Z directions were restricted in RP3. In the second
step, boundary conditions were kept the same with a rotational degree of freedom about the
worm axis allowed to enable worm rotation due to input angle 9. The non-linear geometry
(NLGEOM) option is turned on within Abaqus-Standard to account for the effect of geometric
nonlinearity due to large displacements induced by the incremental rotation of the worm and
worm wheel. The second step was separated into ~ 200 time frames, with each frame
representing a static loading case. Thus, a quasi-static simulation is achieved. In this way, a
period defined by one worm wheel tooth entering and leaving the mesh was divided into 60 to
85 frames to ensure adequate resolution of the obtained results. The difference in the number
of frames was because some analyses were conducted with worm pair geometry before running-
in, and others were conducted with worm pair geometry at the end of the test. At the end of the
test, the contact pattern was much larger than during running-in, and a higher contact ratio was

achieved.

7.1.3 Element selection

The worm and worm wheel were meshed with second-order modified tetrahedral
elements C3D10M. Tetrahedral elements were employed due to the worm and worm wheel’s
highly curved and complex surfaces. The difference between C3D10 and C3D10M is in
additional mid-face nodes that generally solve contact problems much better, although with
higher computational costs. This element is robust for large-deformation problems and contact
problems using either the traditional node-to-surface or the surface-to-surface contact
discretization and exhibits minimal shear and volumetric locking [145]. Also, C3D10M
elements tend to underpredict maximum contact stress for highly localized stress concentration
areas, whereas C3D10 elements may tend to overpredict maximum contact stress values [146].
The approximate mesh size on contacting surfaces was 2 mm on the worm thread flanks and

0.5 mm on the worm wheel flanks. Convergence analysis of worm pair contact problem was
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conducted in [147]. The results showed that an approximate worm mesh size of 3 mm and worm
wheel flank mesh size of 1 mm already provide acceptable results. The approximate total
number of elements in the model was 50 000 for worm mesh and 80 000 for worm wheel mesh
(Figure 69).

Figure 69. Worm pair mesh

7.2 Model verification

Model verification was conducted by comparing the value of worm shaft deflection
obtained by the FEM model with the analytical value obtained through ISO/TS 14521 [3].
Important dimensions for shaft deflection calculation are bearing spacings, as shown in Figure
70. In this study, worm shaft geometry was characterized by bearing spacing values |1 = 140

mm and |11 = l12 = 70 mm.

Figure 70. Bearing spacing according to ISO/TS 14521 [3]

According to ISO/TS 14521, for symmetrical bearing spacing (I1.1 = l12), the resultant deflection
can be estimated by the expression (46). The values used for calculation are given in Table 25.
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S =2

1107 1, Fima *

Jtan?(yp, + arctan y,p,) + tan?ay/cos2ypy,
(1.1-dg)*

Table 25. Values used for calculation of deflection of the worm

(46)

Variable Value
I, mm 140
Fimz, N 4166
Ymi, ° 12.53
fizm, - 0.04

ao, ° 20

dr1, mm 26

Oom, MM 0.016

The results of the deflection of the worm obtained by the developed FEM model are presented

in Figure 71. The analysis was conducted with applied torque T> = 300 Nm (Fim2 = 4166 N).

The presented results represent the change in the deflection during the worm’s revolutions. The

maximum deflection was 0.015 mm. The results of finite element analysis agree with the value
om = 0.016 mm obtained by expression (46). Additionally, the contact pattern in Figure 72 was

in accordance with the contact pattern obtained during the experimental testing of worm pairs.

-0.002

-0.004 |

-0.006 -

Deflection, mm

Deflection of the worm

-0.008
-0.01 -
-0.012
-0.014 -
0.016 " : : : ' : :
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Step time

Figure 71. Worm deflection obtained by developed FEM model
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Flank No. 4

Figure 72. Comparison of contact patterns
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Worm pair experimental setup

This chapter covers the experimental setup employed for worm pair testing. Also, the
worm pair testing procedure, which included the running-in process, digital imaging of the
worm wheel flank, and image post-processing, will be described. Worm pair experimental
testing was performed in the Laboratory for Machine Elements at the Faculty of Mechanical

Engineering and Naval Architecture, Zagreb.

8.1 Experimental setup

8.1.1 Gearbox and worm pair material combinations

The worm pair gearbox, presented in Figure 73, was a commercially available gearbox
with specifically designed modifications for camera positioning and associated equipment for
image acquisition of damaged worm wheel flanks. The same gearbox type was used in studies
[25,53,54,148]. Roller bearings were used in both worm and wheel shaft. The bearings were
replaced after every test run. Continuous lubrication was supplied through the top of the
gearbox directly onto the worm wheel. The worm wheel carried the oil into the mesh with the

worm positioned beneath.
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Worm wheel

Housing Worm wheel hub

Worm wheel shaft

Worm shaft

Figure 73. Gearbox CAD model [25]

The tested worm pair combinations are presented in Table 26. The focus was on 16MnCr5-
CuSn12 worm pairs based on two motives. Firstly, it is a widely used worm pair material
combination and is also considered a referent material combination by the current standard [3].
Secondly, based on favorable experimental results for the electropolished steel-bronze pair
presented in Chapter 6, the comparison between worm pairs using electropolished worms and
conventional worms was carried out to determine the effects of electropolishing in worm pairs
during exploitation. For the remainder of this thesis, worm pairs operating with electropolished
worm will be designated by abbreviation (EP). A worm pair employing CuAl10Fe5Ni5 bronze
worm wheel was tested to compare its efficiency with CuSn12 worm pairs. However, as the
abovementioned material is characterized by significantly higher pitting resistance contact
stress oniimt = 660 N/mm?, no pitting was observed at the experimental working load of T, =
300 Nm. A worm wheel made of AISn6 has already been investigated by Opali¢ [53],
Rakamari¢ [54], and Zezelj [25]. However, as this material is not covered by standard [3] and
there is no additional literature besides those mentioned above, this research provides an
opportunity to explore AlSn6 as a worm wheel material further. The detailed worm pair

geometry and oil specifications were already presented in Figure 10 and Table 7.
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Table 26. Tested worm pair combinations

Worm material Worm wheel material Load T2, Nm Designation
16MnCr5 CuSn12 300 Worm pair 1
16MnCr5, electropolished CuSn12 300 Worm pair 2 (EP)
16MnCr5, electropolished CuSn12 300 Worm pair 3 (EP)
16MnCr5 AlSn6 200 Worm pair 4
16MnCr5 CuAl10Fe5Ni5 300 Worm pair 5
16MnCr5 CuSn12 300 Worm pair 6*
Nominal worm speed 1480 rpm
Oil inlet temperature 60 °C
*scuffing occurred due to improper lubrication conditions

8.1.2 Experimental stand

The experimental stand (Figure 74 and Figure 75) consisted of two main systems: an
electro-mechanical system and a measurement system. The working principle of the stand was
based on a DC motor/generator (GEN) working in a generator mode, thus providing load to the
system. The rotational speed of the driving electric motor (EM) was regulated by frequency
inverter (FI). The drive motor shaft was connected to the worm shaft using a shaft torque
transducer (TT1) that measured input torque. The worm pair gearbox (WP-GB) output shaft,
namely the worm wheel shaft, was connected by the shaft torque transducer (TT2) to the
gearbox multiplier (MP). The output shaft torque transducer measured the worm wheel load.
The gearbox multiplier (MP) increased the generator input shaft rotational speed. The load
produced by the generator was regulated by controlling the excitation current (ECC) supplied
to the generator windings. The generator load was the load set on the worm wheel (worm pair
gearbox output torque, T2). The generator produced electrical energy that was supplied to a
heater. Qil circulation was carried out using two oil pumps (OP). The oil was constantly cooled
by passing through the oil chiller (OC) and filtered through the oil filter (OF). The oil filter was

replaced after every test run.

The measuring system consisted of a frequency inverter (FI), torque transducers (TT1and TT2),
temperature sensors (T1 and T2), and a measuring amplifier (MA) connected to a personal
computer (PC). A frequency inverter (FI) was used to regulate the rotational speed of the
electric motor (EM). The torque transducer (TT1) measured the input torque, while the torque

transducer (TT2) measured the worm pair gearbox output torque (WP-GB). The relationship
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between input torque T1 and output torque T», considering worm pair transmission ratio i = 18,

can be expressed as gearbox efficiency:

T3
T]_ 'i

n= (47)

The temperature sensor (T1) measured the inlet oil temperature. The temperature sensor (T2)
was placed underneath the worm, and the outlet oil temperature was measured. All the
abovementioned variables were measured periodically using a measurement amplifier and its

software package. All acquired data was stored on a personal computer (PC) hard disk.

(~)220V, 50 Hz

TT1
EM

) MP
EM - electric motor

FI - frequency inverter
TT1 - torque transducer 1

TT2 - torque transducer 2

MA - measuring amplifier
T1 - oil inlet temperature
T2 - oil outlet temperature
WP-GB - worm pair gearbox ECC — GEgN
OP - oil pump

OF - oil filter

OC - oil chiller

OT - oil tank

PC - personal computer
MP - gearbox multiplier

GEN - generator ’{’{3‘{
ECC - excitation current control wzzzzza | H
H - heater ==

Figure 74. Experimental stand - scheme
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Figure 75. Experimental stand

8.1.3 Digital imaging equipment and requirements

The procedure for digital imaging and positioning was developed during the study [25]
and was modified to meet the requirements of this research. The equipment consisted of camera,
camera lighting, and auxiliary parts used for camera and worm wheel positioning. The

requirements and conditions for worm wheel flank digital imaging were as follows:

e The worm pair gearbox was not disassembled during one experimental worm pair
testing. The testing consisted of worm pair mounting and contact pattern adjusting,
followed by a running-in procedure and test run. In this way, eventual
assembling/disassembling errors were avoided. However, the worm wheel flank digital
imaging had to be conducted while the worm wheel was inside the gearbox.

e The flank image had to include the whole flank area.

e The repeatability of imaging had to be assured. This was achieved by a camera
positioning assembly and worm wheel positioning assembly mounted directly on the
gearbox. The camera positioning assembly consisted of a rigid adjustable frame and 3D
printed camera holder, specifically designed for the camera used in this research (Figure
76, parts 10-15). Such assembly ensured precise camera positioning and camera
disassembling after images were taken and the test run was continued. The worm wheel
positioning assembly (Figure 76, parts 1-6) was also mounted on the gearbox. The main
part of the assembly was the pin designed to be inserted into each worm wheel tooth
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gap, thus locking the worm wheel into position. This ensured exact flank positioning
each time the image was taken.

Worm wheel flanks were highly reflective surfaces due to the low surface roughness as
a result of the worm pair running-in process. As such, the images of flank surfaces
captured reflected light instead of the flank surface itself. Moreover, pitted areas on the
flank had different surface texture and therefore different light reflection intensities
than remainder of the flank. To overcome this problem, proper dimmed lighting
conditions needed to be ensured. This was achieved by positioning the primary light
source, in the form of two photo lamps, in the desired position. The light from photo
lamps passed through the mask made from tracing paper. Tracing paper allowed the
light to pass through. However, the passed light was significantly dimmed (Figure 77).
This ensured suitable lighting conditions where flank images could be taken, i.e. the
pitted areas on the images were easily distinguishable. Additionally, other light sources,
such as daylight in the room, were kept to a minimum to ensure minimum interference

with established lighting conditions for digital imaging.

2 |

Figure 76. Camera and worm wheel positioning assemblies [25]
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Figure 77. Photographing of worm wheel tooth flank

8.2 Testing procedure

There were two main aims of worm pair experimental testing. The first was to collect
data regarding pitting formation and development by taking images of worm wheel tooth flanks
in evenly spaced time intervals. The images were later post-processed to measure flank pitting
percentage. The second aim was to continuously measure worm pair gearbox efficiency to

investigate the effect of the electropolished worm on overall efficiency.

The goal of this research was to investigate pitting initial formation and development. There
was no intent to investigate boundary cases of maximum possible pitting percentages. It is
known that worm wheels can operate with up to 60% of the pitted flank area, which implies
extremely long test runs if testing the worm wheel under acceptable working load conditions.
According to [3,25,53], the calculated number of load cycles Ni for the expected pitting area
Ap10,max Varies significantly. Therefore, the end of the test run based on Apiomax could not be
unambiguously defined, and the decision on when to end the test was made by observing pitting
development. As pitting initiation is defined by Api0 = 2%, the tests were run until pitting

developed reached a significantly higher value, e.g., Apio,max = 10% or higher.

The overall testing procedure (including measurements conducted before and after the test run)

was as follows:

1. 3D optical scanning of worm and worm wheel assembly
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2. Surface roughness measurements of worm and worm wheel flank surfaces

3. Installation of worm wheel assembly (shaft, hub, and worm wheel) and worm in the
worm pair gearbox

4. Assembling the worm pair gearbox with the experimental stand

5. Calibration of torque transducers

6. Adjustment of initial contact pattern by axial positioning of the worm wheel and contact
pattern check by using indigo paste

7. Installation of supplementary equipment - camera positioning and worm wheel
positioning assemblies

8. Running-in procedure

9. Continuous testing with nominal load

10. Digital imaging of all 36 teeth flanks

11. Post-processing of acquired images and evaluation of pitting areas (steps 9 to 11 were
continuously carried out until the end of the test)

12. 3D optical scanning of worm and worm wheel assembly — after the test

13. Surface roughness measurements of worm and worm wheel flank surfaces — after the

test

8.2.1 Contact pattern adjustment and running-in procedure

The initial contact pattern is usually established on the leaving side of the worm wheel
tooth flank (Figure 78). The purpose of such a pattern is to provide an oil supply into the contact
zone. Such initial contact pattern is achieved by manufacturing the worm wheel using an
oversized tool (either hob or fly cutter) and by inclining the tool for a small angle (as discussed
in Geometry and manufacturing of ZN worm pairs). If the initial contact occurred on the
entering side of the flank, the oil would not be supplied towards the center and leaving side of

the flank where contact conditions and pressures are more severe.

Due to the right-hand worm, the axial force acts toward the worm wheel shaft output. The bolts
were installed through the gearbox housing to act upon the outer bearing ring. The bearing is
axially adjusted by bolt tightening, positioning the worm wheel in the desired position inside
the gearbox. This way, the contact pattern was adjusted through the running-in procedure until

at least 50% of the contact pattern was achieved on the worm wheel tooth flank surface.
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Figure 78. Initial “no load” contact pattern on worm wheel 3

The running-in process is of vital importance for the proper operation of worm pairs.
Running-in aims to achieve an adequate worm wheel tooth contact pattern. An appropriate
contact pattern ensures better and more uniform load and stress distribution and provides oil
supply into the contact zone. After running-in, the contacting surfaces will be smoothened,
resulting in a lower coefficient of friction. During running-in, a relatively small portion of the
worm wheel tooth flank is in contact, implying that relatively high contact stresses can occur.
This is also the reason why high wear rate characterizes running-in. The goal is to conduct
running-in in a short period and gradually increase the load as the contact pattern develops to

avoid premature fatigue failure of the worm wheel material.

Since there are no standardized guidelines for running-in procedures in worm pairs, the
procedure relies mainly on empirical knowledge and known practice. In this research, the
running-in guidelines from [25] and [53] were adopted. Running-in was carried out in three

steps:

1. Nominal worm speed (1480 rpm) and load 0.4-T> for 1 h,
2. Nominal worm speed (1480 rpm) and load 0.7-T> Nm for 1 h,
3. Nominal worm speed (1480 rpm) and load T2 Nm for 1 h,

The contact pattern was evaluated after each step. If necessary, the worm wheel was axially
adjusted. An appropriate contact pattern was established after the third step in each investigated
worm wheel. An example of contact pattern development during the running-in process is
shown in Figure 79. The contact pattern is highlighted by a black border. The majority of the
contact pattern developed through steps 1 and 2.

111



" ey o — — .
a) no load

a) Step 2: 7, =210 Nm a) Step 3: 7, =300 Nm

Figure 79. Contact pattern development during running-in

8.2.2 Digital image acquisition and post-processing

Digital imaging of worm wheel tooth flanks was conducted periodically, approximately
after every Ni = 2-10°. If, by visual inspection, a large increase in pitting was observed, the
flanks were photographed before the abovementioned period. For every worm pair, the image
scale had to be defined. After the camera was mounted and positioned, graph paper was placed
in the middle of the flank (Figure 80). Therefore, a referent square was drawn in the middle of
the paper in the middle of the flank. It is assumed that minimum distortion and flank curvature
effect were present in the middle of the flank if camera placement is considered. Based on image
resolution, the error of inscribing the referent square in the image was 3 pixels. Converted to
the actual flank surface, this represents an error of 2.26%.

Figure 80. Defining the image scale
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After the image scale was established, it was possible to measure the flank area in the image.

Due to flank curvature, the measured flank area in the image was smaller than the actual flank

area. The actual flank area was measured on the 3D scanned data of the worm wheel. On

average, the flank's actual surface was 303 + 2 mm?. The measured flank surface in the image

was 4.6% to 6.1% smaller than the actual surface, depending on the image scale. The variation

in image scale was due to the camera mounting position. The camera position could not be

exactly repeated for every worm wheel due to gearbox disassembling after each test run.

The digital imaging procedure was as follows:

1.

ok~ wn

Pausing the test run, which included turning off all equipment (electric motor, pumps,
generator, measurement equipment) and allowing the gearbox to cool down

Visual inspection of the worm wheel

Camera installation

Surface cleaning of worm wheel tooth flanks

Adjustment of lighting conditions, which includes positioning of photo lamps and
tracing paper mask

Ensuring the position of the flank by inserting the positioning pin

Digital imaging of the flank (steps 4 to 6 were repeated until images of all 36 flanks
were taken)

Demounting of camera, photo lamps, and tracing paper mask

Inspecting the acquired measurement data for possible irregularities during the observed
portion of the test run.

10. Heating the oil until an inlet temperature of 60 °C was reached.

11. Turning on all equipment and continuing the test run

The acquired images were taken in 24-megapixel resolution. Post-processing was carried out

through a developed MATLAB script. Every step of the procedure resulted in an image output

used as an input for the next step. The post-processing procedure was as follows:

The image mask was applied to the original image. The mask removed all portions of
the image except the portions of the flank where pitting was present.

The image, originally RGB, was converted to a grayscale image.

Adaptive contrast was applied to the image to highlight the pitting. As pitting holes
produced significantly less light reflection, those parts of the image were considerably

darker than the surrounding areas.
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e Based on the applied contrast, the contrast threshold was employed to isolate only the
pitting areas on the flank. The threshold value selection was based on image lighting
conditions and could differ from one set of images to another. The eventual error based
on threshold selection was up to 1% of the total pitting area.

e Any additional pitting areas not highlighted through applied contrast were manually
defined and added.

e Automatic calculation of the total pitting area based on a sum of all individual pitting
areas was carried out. The calculated total pitting area was expressed in flank surface
percentage based on a predefined image scale.

e Visual inspection of the image with detected pitting.

e Contour plotting around detected pitting areas and saving the image.

The list of possible errors that could occur during image post-processing is presented in Table
27. The total error of + 3.86% represents a possible variation in the pitting percentage detected
in the image. As pitting is reported in percentage as well, to avoid confusion, the example of
total error is presented: if the detected pitting area is Ap = 10%, the possible boundary values of
detected pitting are Ap = 9.614% and Ap = 10.386%.

Table 27. Image post-processing errors

Image post-processing errors
Referent square error 2.26%
Actual flank surface variation 0.66%
Contrast threshold error 1%
Total error 3.86%
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Results and discussion

In this chapter, the results of worm pair experimental tests are presented and compared
to existing literature. The results include worm pair efficiency, pitting percentage, and worm
wheel tooth flank wear. Also, the influence of dimensional accuracy on worm wheel pitting
formation and development is presented by analyzing worm pair deviations obtained through
3D optical scanning. Lastly, the results obtained through the developed FEM model are used to

investigate load and stress distribution in worm pairs.

9.1 Influence of surface texturing

9.1.1 Overall efficiency and running-in effect

The comparison of the efficiency of worm pairs with CuSn12 worm wheels is presented
in Figure 81. The average efficiencies of worm pairs 1, 2 (EP), and 3 (EP) were 84.9%, 85.8%,
and 90.1%, respectively. Both worm pairs with electropolished worms performed better in
terms of efficiency than conventional worm pair. This can be attributed to the surface texture
produced on a worm surface through electropolishing. The surface had many pits and pores that
served as micro-oil reservoirs, thus providing secondary lubrication and increasing oil film
thickness. In turn, this effect causes friction reduction which leads to higher overall efficiency.
An additional property of electropolished steel surfaces paired with bronze was higher initial

wear and faster running-in observed in worm pair 3 (EP). This phenomenon was also observed
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in the results of block-on-disc sliding tests. By observing efficiency plots in Figure 81, both
worm pairs 1 and 3 had a period of decreasing efficiency at the start of the tests, up to NL =
0.25-10°. This may indicate that the running-in process was prolonged until the steady-state
performance was achieved at around Ni = 0.4-10°%. Worm wheels were 3D optically scanned
before and after the tests to measure tooth thickness reduction that occurred as a consequence

of sliding wear.
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Figure 81. Worm pair efficiency comparison

To visually present the worm wheel wear, the comparison based on images of tooth No. 1 for
all three worm pairs after running-in and at the end of the tests is presented in Figure 82. The
amount of wear that occurred can be easily noticed by inspecting the lower right part of the
worm wheel tooth. The ridge on the images of worm pair 3 (EP) is considerably larger and
deeper, suggesting that the amount of wear that occurred was larger than the other two worm
pairs. Moreover, the difference in wear between after running-in images and end of test images
is relatively minor. This implies that the majority of wear occurred during the running-in period,
which was expected considering the nature of wear in sliding contacts (see Figure 22). Average
values of worm wheel tooth thickness are given in Table 28.
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after running-in end of test
l Worm pair | 1

Figure 82. Visual comparison of worm wheel wear

Table 28. Average worm wheel tooth thickness “as manufactured” vs. “end of test”

Tooth thickness sm2 | As manufactured, mm End of the test, mm Difference, mm
Worm wheel 1 6.150 6.099 0.051
Worm wheel 2 (EP) 6.174 6.107 0.067
Worm wheel 3 (EP) 6.086 5.832 0.254

According to the difference in tooth thickness, worm wheel 3 experienced the most wear, which
aligns with the images presented. Larger wear during the running-in phase of worm wheel 3
also resulted in a larger initial contact pattern compared to worm wheel 1 and 2. It can be said
that worm wheel 3 had a full contact pattern. Moreover, worm pair 1 had a larger initial contact
pattern than worm pair 2 (EP) (Figure 82, column: after running-in). Larger contact patterns
result in more uniform stress distribution, directly affecting lubrication conditions, primarily in
the form of more uniform and/or thicker oil film. According to the Stribeck curve (see Figure
12), thicker oil films promote hydrodynamic lubrication that is characterized by higher A values.

However, higher 4 values do not assure a lower coefficient of friction that should benefit overall
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efficiency. In the case of 16MnCr5-CuSn12 worm pairs, Huber [57] showed that neither larger
contact patterns nor loads or pitting have an unambiguous effect on efficiency rating (Table
29).

Table 29. Results of 16MnCr5-CuSn12 worm pair tests by Huber [57]

Load, Nm Pitting, % Contact pattern, % | Overall gearbox efficiency, %
400 5.5 65 90
500 15.3 98 86
720 30.3 100 87
860 7.0 100 86

The full contact pattern established in worm wheel 3 can be considered the closest to the contact
pattern in worm pairs with theoretically ideal geometry. In general, a full contact pattern limits
the oil from entering the contact zone, promoting scuffing and worm pair failure. However,
although the full contact pattern was established, no problems with scuffing occurred. The
highest efficiency and lowest pitting were recorded for worm pair 3. However, it should be
noted that the decrease in efficiency for worm pair 3 started around N. = 1.4-10°. At that same
time, micropitting started developing on the entering side of the flank (see Figure 89). This
indicates that contact pressure started to build up on the entering side of the flank, decreasing
the amount of oil supplying the contact zone. The consequence of such contact conditions was

reflected in lower worm pair efficiency.

An additional test run was performed to investigate the behavior of conventional worm pair
(ground steel worm and bronze worm wheel) under full contact pattern. The results of worm
pair 6 are presented in Figure 83. The test ended prematurely due to two periods of scuffing.
The first scuffing period was already at N. = 2-10°%, while the second was at N = 11-10°.
Between two scuffing periods, worm pair 6 was running with relatively high efficiency but such
running was accompanied by high sliding wear. High sliding wear prevented pitting formation
as the material was constantly removed from the flank. Also, wear resulted in worn-out worm
wheel teeth that eventually led to a second period of scuffing causing worm pair failure. The
teeth of the worm wheel after the test are shown in Figure 84. Scuffing periods were
characterized by low efficiency and a high rise in outlet oil temperature. In worm pairs 1 to 3,
the common oil outlet temperature was 72 to 76 °C, whereas in worm pair 6 the temperature
rose to 81 °C during the first scuffing period and was above 120 °C before the test was aborted.

These results show that the operation of conventional worm pairs under a full contact pattern is
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not sustainable because improper lubrication led to breakdown of lubrication and scuffing. On
the other hand, worm pair 3 (EP) results presented earlier suggest that surface texturing can
modify the worm surface to provide improved or additional lubrication that reliably supports

full contact pattern in worm pairs.
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Figure 83. Worm pair 6 — efficiency and scuffing

Figure 84. Worm wheel 6 - worn out and pointed teeth due to scuffing

9.1.2 Surface topography

Another explanation for higher efficiencies in worm pairs with electropolished worms
could be found by examining corresponding worm surface profiles in Figure 85. Worm 2 and

worm 3 were electropolished, and their surface was characterized by many pits. While worm 2
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had deeper (2-5 um) and smaller in diameter (20-50 pum) pits, worm 3 had shallower (1-2 um)
and larger in diameter (50-100 um) pits. This can be attributed to slightly different
electropolishing conditions (Table 30). The current density of 20 A/dm? produced deeper pits
on the surface of worm 2, while the lower current density of 15 A/dm2 produced shallower pits
on the surface of worm 3. In addition, lower current density enlarged already existing valleys
on the worm ground surface that were about 1 pm deep, which explains the difference in pit

diameter between worm 2 and worm 3.
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Figure 85. Surface profiles: a) worm wheel 3, b) worm 1, ¢) worm 2 (EP), d) worm 3 (EP)
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Table 30. Electropolishing parameters of worm 2 and worm 3

Solution temperature, | Potential, | Current density, ) )
Time, min
°C \% A/dm?
Worm 2 50 6.1 20 5
Worm 3 50 4.7 15 )

Higher wear evident on both worm wheels paired with electropolished worms can be attributed
to increased surface roughness [32,140]. The present results suggest that an electropolished
surface may be beneficial in terms of friction reduction if increased wear of the worm wheel is
acceptable. As most of wear occurred during running-in, more efficient running-in benefits
machine components that heavily depend on proper running-in process, such as worm paitrs.
From that perspective, the increased worm wheel wear should not be considered a
disadvantageous attribute. Wear of 0.254 mm on worm wheel 3 was considerably higher than
0.051 mm and 0.067 mm measured on worm wheels 1 and 2, respectively (Table 28). Worm
wheel wear as a product of the running-in process is a function of surface
roughness/topography, worm pair geometry, worm wheel axial adjustment, and material
homogeneity. Due to many simultaneously acting factors, it is hard to point out only one factor
that can explain increased wear on worm wheel 3. One possible explanation can be laid out
based on surface profiles in Figure 85. Worm 2’s profile had easily distinguishable deep pits.
In contrast, worm 3’s profile was characterized by many larger and shallower pits that almost
overlapped. Therefore, it can be stated that pit density was larger on the surface of worm 3.
Wos et al. [140] found that higher dimple density surfaces produce more initial abrasive wear
as the contact geometry changes from non-conformal to more conformal. At this moment, this
is only a speculative explanation for higher initial wear found on worm wheel 3. More testing

with different surface textures should clarify such phenomenon with more certainty.

Although both electropolished surfaces exhibited improved worm pair efficiency compared to
conventional worm pair 1, worm 3 surface characterized by shallower and larger pits resulted
in the highest overall efficiency among observed worm pairs with CuSn12 worm wheels.
Several effects of dimple geometry (depth and size) on oil film thickness can be found in the
literature. Deeper micro-cavities influence the flow of lubricant in the contact zone, resulting
in an oil film thickness reduction that is caused by a notable side leakage of the entraining fluid
as well as a fall of hydrodynamic pressure while the micro-cavity is entering the contact.

Mourier et al. [149] found that in the case of deep dimples, the lubricant undergoes a sharp
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decrease in pressure, which leads to a drop in viscosity that prevents the lubricant from
completely separating the contacting surfaces. Due to the reasons mentioned above, deep pits
can significantly reduce the fatigue life of the component [35]. Presented surface textures on
worms 2 and 3 have dimple/pit depths considered shallow by the literature. However, the results
suggest that the shallower and larger the dimple, the better lubrication conditions should be

expected, at least in the presented case of rolling-sliding contact in worm pairs.

The inspection of surface profile parameters leads to several interesting remarks. The average
surface roughness of the ground surface of worm 1 was Ra = 0.25 pum compared to
approximately Ra = 0.5 um in electropolished worms. While this significant difference in Ra
would usually manifest in higher friction and lower efficiency in untextured surface contacts,
this is not true with modified surface topography of electropolished worm. The higher R value
of the electropolished surface was primarily a consequence of induced pits, not a result of a
“rougher” surface in terms of additional peaks. Concerning other surface profile parameters,
the ground surface of worm 1 already exhibited favorable negative Rsk and high Rku parameters,
as previously discussed in section 6.4.1 Surface profile and hardness. The surface profile of
worm 2 exhibited similar R« and Rks parameters whereas the surface profile of
worm 3 had Rsk = 0 and a considerably smaller value of the Rk, parameter. Despite the
similarities and differences in Rsk and Ry parameters, which are often used in the design of
surface textures in lubricated contacts [18,126,128,150,151], the results presented in this
research suggest that the focus should primarily be placed on the geometry of the dimple/pits
(depth and size). Then, the dimple geometry should be complemented by the mentioned surface
profile parameters as a potential guide toward producing surface textures with beneficial

properties in lubricated non-conformal contacts.

After the test, worm pair 3 (EP) surface profiles are presented in Figure 86. The values of R,
Rsk, and Ry of the electropolished worm surface were similar to those presented in Figure 85.
Furthermore, the pits produced by electropolishing remained on the surface. By comparing
surface profiles and topography of the electropolished worm, it can be concluded that minimal
to no wear occurred on the worm surface as its parameters remained unchanged. In contrast to
conventional gear material pairs (usually steel-steel), the steel-bronze material pair prolongs the
durability of surface modifications produced on steel worm as most wear occurs on a softer

component, namely the bronze wheel.
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Figure 86. Surface profile measurement after the test: a) worm wheel 3, b) worm 3 (EP), ¢) worm
wheel 3 surface profile, d) worm 3 (EP) surface profile

9.2 Pitting

The results of efficiency, average pitting percentage Ar avg and average pitting percentage of the
10 % most damaged teeth Ap1o for worm pair 1, worm pair 2 (EP), worm pair 3 (EP), and worm
pair 4 are given in Figure 87, Figure 88, Figure 89 and Figure 90, respectively. According to
the results, there is no evident correlation between the increase in pitting and efficiency. In
worm pair 1 and worm pair 2 (EP), with the increase in pitting the efficiency was unchanged.
Relatively unchanged efficiency, despite the increase in pitting, was also reported by several

other studies [6,8,25]. This phenomenon can be explained by pits acting as oil reservoirs thus
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providing secondary lubrication in the contact zone. In worm pair 3 (EP), as pitting starts to
develop, a slight decrease in efficiency can be observed. In worm pair 4, pitting development
was accompanied by a decrease in efficiency during the first half of the test, while in the second
half of the test, although the pitting was increasing, the efficiency remained constant. For

comparison purposes, the efficiency of worm pair 5 (CuAl10Fe5Ni5 worm wheel) is presented

in Figure 91.
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Figure 88. Worm pair 2 (EP) - efficiency and pitting percentage
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Worm pair 3 (EP)

95 . . . . 18
Efficiency
94 S 4 116
Lavg
93 + ""'APIO 114
92 r
112

O
—

Overall gearbox efficiency, %
o
()

89

88

87t 14

86 SPPEE

85 L e emieeeeeaeses=sz=z=piz=3=ET7C 0
0 02 04 06 08 1 12 14 16 18 2

Load cycles (worm wheel), N % 10°

Figure 89. Worm pair 3 (EP) - efficiency and pitting percentage
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The comparison of the pitting results with 1ISO/TS 14521 standard [3], ZeZelj [25], and Opalié¢
[53] is provided in Figure 92 (CuSn12 worm wheels) and Figure 93 (AlSn6 worm wheel).
Generally, presented pitting results, and results obtained by Zezelj [25], have a parabolic form.
As reported by Huber [57], this nature of pitting formation is characteristic in worm pairs

lubricated by mineral oils.

20 Pitting comparison between CuSn12 worm wheels
| | T T ] ] ] T I T I

APIU’ according to ISO/TS 14521

18— 4 , according to Zezelj
avg

[ ¢ Worm wheel 1
- - APIO’ Worm wheel 1
14— Ap‘wg, Worm wheel 2
- == Ay Worm wheel 2

- 12 H—— Ahvg, Worm wheel 3 -
N !
s R AI’m‘ Worm wheel 3
2 2i0f >
=~
o B
~

— t f T
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 22 2.4 2.6 2.8
Load cycles (worm wheel), NL «10°

Figure 92. Pitting comparison - CuSn12 worm wheels
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20 Pitting comparison of worm wheel 4 (AlSn6)
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Figure 93. Pitting comparison of AISn6 worm wheel

Both pitting comparison point out that pitting percentages, obtained through this research and
studies of Zezelj [25] and Opali¢ [53], as well as predicted by ISO/TS 14521 standard [3], are
relatively scattered. Worm wheels 1 and 2 were in fair agreement with the results, according to
Zezelj [25], while worm wheel 3 differed significantly. Worm wheel 3 tends to agree with the
pitting predicted by standard [3]. Pitting on worm wheel 4 was larger than predicted by ZeZel]
[25], although in an acceptable deviation range. Pitting calculated for AISn6 by the standard [3]
and Opali¢ [53] is considerably lower than the presented worm wheel 4 results. There are a
couple of explanations for such discrepancy in results. The pitting calculation procedure in
standard [3] is defined by boundary conditions (Table 9), many of which do not apply to this
research. Also, the standard does not outline the method for obtaining values of pitted areas [3]
and therefore cannot be appropriately compared to the method used in this research. Also,
AISn6 as a worm wheel material has only been covered by a few studies to this date [25,53,54].
Different geometries, loads, sliding speeds, and lubricant oils should be experimentally tested

for a better understanding of pitting formation on AISn6 worm wheels.

Nevertheless, pitting percentages varied significantly among tested worm wheels. This was to
some degree expected and one of the main motivations for this research. In order to better
explain such variation, further analysis focused on the dimensional accuracy of worm pairs was

conducted to improve the understanding of the process of pitting formation on worm wheels.
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9.2.1 Worm pair 1

9.2.1.1 Pitting

The first noticeable pitting was recorded after NL = 0.31-10° with average pitting
Apavg = 0.08% and Ap1o = 0.55%. The first pitting occurred in the middle and on the leaving
side of the worm wheel teeth flank. The middle of the worm wheel tooth flank is known to be
insufficiently lubricated due to the oil-thinning effect promoted by high contact temperatures
(see Figure 14). The contact on the leaving side of the worm wheel tooth flank is characterized

by the smallest equivalent radii of curvature and the highest Hertzian contact pressures [26].

Pitting results for worm wheel 1 are reported in Figure 94. The results are reported for all flanks,
odd, and even flanks. This is because worm pairs in this research had worm wheels with
Z» = 36 teeth, and worms with z; = 2 teeth (threads) corresponding to transmission ratio i = 18.
Such a combination causes odd flanks to mesh with the same worm thread. In this case, worm
thread “1” and all even flanks meshed with the worm thread “2”. Additionally, there was a
characteristic difference between odd and even flanks in terms of deviations that will be
discussed later in this section. At the end of the test, the average pitting on odd flanks was
4.77% higher than on even flanks. The difference between the most damaged tooth flank,
No.11, and the least damaged tooth flank, No. 30, was 10.24%. The results for flank No. 22
were reported because it was the flank with the most initial damage. For N. = 0.31-10°, flank
No. 22 had Ap = 1.72%. The second flank with the highest pitting for N_ = 0.31-10° was flank
No. 11 with Ap = 0.25%. However, throughout the testing, the increase in pitting damage on
flank No. 22 was relatively small compared to the increase in average pitting values or pitting
increase on flank No.11. Moreover, the initial pitting location on flank No. 22 was on the
entering side of the flank (Figure 95). Such behavior suggests that pitting can form suddenly
and that its initial formation or location may not imply continuous pitting growth. In other
words, the most pitting on the flank at the start of the test cannot be used as a certain predictor

for the most damaged flank at the end.
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Figure 94. Pitting percentages for worm wheel 1

Figure 95. Flank No. 22 — initial pitting location

Pitting formation and development on flank No. 11 are presented in Figure 96. Pitting formed
at the top of the leaving side of the flank and propagated towards the bottom. The nature of
pitting damage was characterized by uneven increases, although the measurement intervals
were relatively similar (N. =~ 0.2:10%). For example, between N_. = 0.48-10° and
Ni = 0.65-10° pitting increased by 2.66%, while between N = 1.3-10% and N = 1.51-10° pitting
increased by only 0.92%. However, the flank surface was already severely damaged. This
uneven and often abrupt increase in pitted area is a characteristic behavior in worm wheels as
flank material removed due to pitting is in the form of larger pieces of material [25]. Pitting
development, in terms of pitting location overlap, is depicted in Figure 97.
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Figure 96. Pitting development on flank No. 11
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Figure 97. Pitting location (overlapped) on flanks of worm wheel 1

After N_ = 1.08-108, the majority of odd flanks had noticeable pitting in the top of the leaving
side of the flank, while less than half of even flanks started to show pitting in the bottom of the
leaving side of the flank. By the end of the test, N_ = 2.0-108, pitting location in odd flanks
propagated towards the bottom part of the flank. In contrast, pitting remained in the bottom of
the flank in even flanks, although in larger percentages. All flanks had a small pitted area

towards the middle of the flank in common. As already mentioned, the middle of the worm
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wheel tooth flank has relatively poor film generation and oil entrainment, resulting in very thin
oil film and much more severe lubrication conditions. The mentioned pitted area in the middle
of the flank is shifted towards the leaving side of the flank. The contact shift towards the leaving
side usually ensures better oil entrainment into the contact zone [5]. A relatively high positive

correlation (r = 0.64) was observed between pitting at N_ = 6.5-10° and pitting at the end of the
test.
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Figure 98. Pitting correlation for worm wheel 1

9.2.1.2 Deviations, wear, and pitting model

The reason for uneven pitting distribution, besides material defects, system vibrations,
or worm wheel wear, could be found by examining worm pair deviations and their possible
effect on such phenomenon. The worm wheel deviations are given in Figure 99. Single pitch
deviations fy2 had a characteristic distribution. Odd-numbered pitches had a negative deviation,
while even-numbered pitches had a positive deviation. The same single pitch deviation
distribution was found in all investigated CuSn12 worm wheels, as all wheels were produced
in the same batch. The periodic nature of single pitch deviation suggests a specific inaccuracy
during the worm wheel manufacturing process. One possible explanation could be inaccurate
worm wheel hob cutter geometry. The worm wheel hob cutter must have the same geometry as
the mating worm. In this case, the hob has two starts (two threads). When worm wheel teeth
number z is a multiple of worm thread number z; (e.g., z2 = 36 and z1 = 2), the same thread is
constantly in mesh with either even or odd worm wheel teeth. The same applies to the worm

wheel hob. This means that one hob start/thread will cut odd worm wheel teeth while another
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hob start/thread will cut even worm wheel teeth. There is a strong indication that one of the
cutting hob threads had inaccurate geometry due to improper sharpening (grinding), producing
single pitch deviation in such a characteristic manner. A similar deviation distribution can be
found in total profile deviation F,.. Radial runout, Fr2, was expressed in negative values as the
distance between the actual probing ball position and worm wheel axis was smaller than the
distance from the ideal ball position and worm wheel axis. In other words, the more negative
the individual radial runout deviation, the closer the probing ball is to the worm wheel axis.

This can also be interpreted in the form of wider tooth gap.

The worm deviations, namely single pitch and runout deviations were measured at six points
along the active part of the worm thread length, and the average deviations are reported in Table
31. Regarding deviation Fr1, the provided values of 0.875 mm and 0.870 mm were distances
between the theoretical probing ball and the actual probing ball in GOM Inspect software. The
runout deviation is always provided as the largest difference among measured teeth (threads).
Hence, the focus should be placed on their mutual difference, which is 5 um. Worm pair 1

quality grades for all measured deviations are given in Table 32.

133



Single pitch deviation fp2

s
S

=
T
|
|

Deviation, um
(=]

-20 - L L] | |
_40 L 1 | 1 _ 1 1 1 | 1 1 | 1 — 1 1 | | | 1 1
2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36
Pitch number
Adjacent pitch difference fa
T T T T T T T T T T T T T T T
60 B
£
=5
£40 B
k=]
>
20 B
a
1 |

14 16 18 20 22 24 26 28 30 32 34 36
Pitch number

Total profile deviation )'-‘m2

T T T T T T T T T T T T T

T T T T
g 100 =
3
o
2
ZE 50+ e
>
L
()]
0 1 | L 1 1 1 | 1 1 1 1 1 1 L | L 1 1
2 4 6 8§ 10 12 14 16 18 20 22 24 26 28 30 32 34 36
Flank number
Radial runout F
r
0 T T T T T
E 50 .
=
-2 -100 -
I
=
R -150 i
2200 | 1 | I I | 1 1
2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36
Tooth gap number
Axial runout FMz
40 T T T T T T T T T T
E 20+ .
=
2 9 fm—
=
=
A -20F .
_40 | | 1 1 1 | 1 1 1 1 1 1 1 | | | 1 |

Table 31. Worm 1 - deviations

o 12 14 16 18 20 22 24 26 28 30 32 34 36
Tooth number

Figure 99. Worm wheel 1 — deviations

fox, mm Fri, mm
Thread 1 -0.020 0.875
Thread 2 -0.012 0.870
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Table 32. Worm pair 1 — quality grades (Q)

Deviation Worm Wheel
Single pitch deviation (axial) fox Q9 - -
Single pitch deviation - - fp2 Q10
Adjacent pitch difference fux Q6 fuz Q11
Total pitch deviation Fpz Q11 - -
Total cumulative pitch deviation - - Fp2 Q9
Total profile deviation Fa1 Q11 Fa2 Q12
Runout Fr1 Q3 Fro Q11

Single pitch deviations (fpx in worm, fp2 in wheel) influence load sharing among gear teeth
which is directly related to bending stress in the tooth root or contact stress on the tooth flank.
In gears, the most unfavorable single pitch deviation distribution is when one gear tooth has
positive deviation (+ fp) and is meshed with another gear tooth having negative deviation (- fp),
or vice versa [152-154]. The example of gear teeth position in double contact in which

maximum increase of contact stresses occur is shown in Figure 100.
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Figure 100. Pitch error in double contact [152]

In the case of worm pair 1, the driving worm with both threads having “- fox”” was meshed with
the driven wheel having odd teeth with “+ fp2” and even teeth with “- fp2”. The worm pair was
assembled to achieve the mesh between thread 1/odd-numbered teeth having -fox / -fp2 and
thread 2/even-numbered teeth having -fpx/ +fp2. In the presented case, the most of load should
be distributed among the thread 2/even-numbered teeth contact due to an unfavorable
combination of -fox / +fp2. Therefore, most pitting should also be present on even worm wheel
flanks. However, based on the pitting results presented in Figure 97, most pitting occurred on
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odd flanks. As this phenomenon was unexpected, further investigation was conducted to find a

cause for such pitting distribution.

The axial profile curvature of worm threads is presented in Figure 101. The presented results
are averages of four axial profiles of each thread. The ideal ZN worm axial profile is slightly
concave in the axial section [51]. However, the curvature of worm threads was convex, with
thread 1 being noticeably more convex than thread 2. The difference between the axial profiles
was up to 24 um. This difference was larger than most of the worm wheel single pitch deviations
fpo presented in Figure 99. The reason behind such a difference in curvature from the ideal
profile was presumably incorrect geometry of the grinding wheel or wrong positioning of the

grinding wheel during the grinding process.

Worm 1 - axial profile curvature
. : :

Thread 1
Thread 2 7
Ideal profile
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3
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Worm thread height, mm
Worm thread height

—

0 10 20 30 40 50 60 70 80
Curvature, pm

Figure 101. Worm 1 — axial profile curvature

The greater part of the profile convex curvature was present in the lower part of the worm
thread, below the worm reference diameter dm: = 36 mm (corresponds to a worm thread height
of 18 mm). This is also the portion of the worm thread where worm pair contact starts, as
depicted in Figure 102. As pitting results showed, most pitting developed in the upper part of
the odd flanks paired with thread 1 and later propagated toward the bottom part of the flank.
Both worm threads influenced the contact in a way that it was shifted towards the top part of
the worm wheel flank. This can be observed by the established contact pattern after the

running-in period, as shown in Figure 82.
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Start of contact

Worm wheel

Figure 102. Worm pair contact

Another factor distinguishing worm pairs from other gear types is a running-in process
characterized by a substantial worm wheel material removal. In presented worm pairs, the tooth
thickness reduction due to wear was 50 to 250 um, when measured in the middle of the tooth
on the reference circle. This amount of material removal alters the contact conditions far from
ideal geometry. It implies that each worm pair will adapt differently, hence the importance of
proper running-in. The adaptation will primarily be based on worm geometry as it is a harder
material that has negligible wear in comparison to bronze worm wheel. Also, as each worm pair
adapts differently, it is difficult to consider the amount and intensity of wear when predicting
the final contact pattern. To illustrate the different amounts of wear, the tooth thickness was
additionally measured on the leaving side of the flank where the majority of the contact takes
place (marked as location 2). The results are presented in Table 33. The value of Asm2 represents
wear on the worm wheel reference circle while As, represents wear on the leaving side of the
flank.

Table 33. Worm wheel 1 - tooth thickness difference after the test

ASmz (1)! pm Asp (2)7 pm

Odd teeth 50 143
Even teeth 51 126
All teeth 51 135

The difference between the tooth thickness (wear) measured in the middle (1) and on the leaving
side (2) of the flank was 84 um. Moreover, on average, odd teeth experienced 17 pum more wear
than even teeth. The measured difference in wear was similar to the difference in thread 1 and
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thread 2 curvature (Figure 101). Uneven wear distribution along the wheel flank was expected
as the contact pattern was directed towards the leaving side of the flank to favor lubrication
conditions. Besides, the contact pressures are the highest on the leaving side of the flank due to

low equivalent radii of curvature [26].

The correlation between wear in the middle (Wear (1)), wear on the leaving side of the flank
(Wear (2)) and pitting or deviations is presented in Figure 103. While wear in the middle of the
flank shows no correlation with the pitting (r = -0.07), wear on the leaving side of the flank
shows moderate correlation with the pitting (r = 0.57). Radial runout Fr> was highly correlated
with the wear in the middle of the flank (r = 0.70). As tooth gaps were wider (more negative
Fr2), less wear occurred in the middle of the flank. There was no correlation between Wear (2)
and Fr2 (r =-0.09). Axial runout Fax2 showed a mutually inverse correlation between Wear (1)
and Wear (2).

These findings indicate that in some worm wheels, larger pitting can be expected in the
locations of increased wear. Moreover, radial and axial runouts should be considered when
predicting or modeling worm wheel wear behavior. Also, these results suggest that correlating
wear measured in the middle of the flank and pitting can be deceiving in some cases, especially

if the majority of contact pattern is established on the leaving side of the worm wheel flank.

Linear regression was employed to develop a model that describes pitting formation and
development on worm wheel 1 flanks in relation to load cycles, inspected worm wheel
deviations, and worm thread deviation (Figure 101). Worm thread profile deviation is
designated as Fworm In the models. It was set as a categorical variable with coding (0,1). Linear
models were developed based on criterion of 10% of the most damaged teeth, Apio. Apio Was
divided into two stages as presented in the ISO/TS 14521 standard. The first stage is the
beginning of pitting defined by Ap10 < 2%. The second stage is the pitting growth stage which
can be defined by Ap1gmax < 2...60%. In this research, the tests were carried out for Ni_ = 2.0-10°
and different values of Apiomax Were achieved. In the case of worm pair 1, the value of
Ar10max = 10% was achieved by the end of the test. The results of linear regression models are

presented in Table 34.

99 €¢

The presented models were developed for three cases: “Overall pitting”, “Beginning of pitting”
and “Pitting growth stage”. “Overall pitting” is a model that predicts pitting for all load cycles,
NL. “Beginning of pitting” considers the load cycles needed for first pitting, defined by
ISO/TS 14521 standard as Ap1o = 2%. Number of load cycles for Apio = 2% was N = 5.7-10°.
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“Pitting growth stage” models the growth of pitting between Ap1o = 2% and Apiomax = 10%. The
relevant range of load cycles for the pitting growth stage was 5.7-10° < N < 2.0-10°. Complete
data used for developing pitting linear models is provided in the Appendix.
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Figure 103. Worm wheel 1 - Correlation between wear, pitting, and deviations
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Table 34. Pitting linear models for worm wheel 1

Predictors Linear model R?
Overall pitting NL < 2.0-10° Ap(%) = —0.884 + 0.000003 - Ny, 53.81%
NL <2.0-10° 75.03%
Worm wheel
o Ap(%) = —2.058 + 0.000003 - Ny,
Overall pitting deviations +
+2.348  Fyorm + 8.34 - Fayo
worm
deviation
Beginning of NL<5.7-10° | Ap(%) = —0.1084 + 0.000001 - N, 15.73%
pitting
(Ap10 = 2%)
NL<5.7-10° Ap(%) = —0.1842 + 0.000001 - Ny, 18.92%
Beginning of Worm wheel + 0.1514 - Fyorm
pitting deviations +
(Ar10 = 2%) worm
deviation
Pitting growth | 5.7-10° <N_< | A4p(%) = —1.345 + 0.000003 - N, 35.93%
stage 2.0-108
(Ap10max = 10 %)
5.7:10°<NL < | 4p(%) = —3.015 + 0.000003 - N, 79.05%
Pitting growth 2.0-10° +3.341 " F,orm + 12.28
stage *Faxz
(Ap10,max = 10 %)

The number of load cycles N was a dominant predictor in all presented models. This was
anticipated as pitting is a form of material fatigue damage expected to be proportional to the
number of load cycles. The predictors in the form of worm pair deviations increased the R?
value in models for “Overall pitting” and “Pitting growth stage”. The increase was 21.22% and
43.12%, respectively. However, none of the worm wheel deviations were statistically relevant
for the “Beginning of pitting” model. This was largely due to the nature of measured pitting
percentages in that test period. Except for the few damaged flanks, other flanks had relatively
similar pitting that could not be distinguished by the model. The problem with the Ap1o = 2%

criterion is that it considers only the average pitting of the four most damaged flanks. The
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criterion is adequate when considering the beginning of pitting on worm wheel flanks in
general. However, this criterion is not practical for defining the beginning of pitting when
considering pitting percentages on each flank individually, as is the case in this research. An
alternative criterion Apavg = 2% is proposed (Table 35). This criterion becomes applicable when
average pitting measured on all flanks amounts to at least 2%. For Ap avg = 2%, the Ap1o Criterion
takes on values much higher than 2%. In the example of worm wheel 1, when Apavg = 2% was
met, the Ap10 Was 5.38%. The proposed alternative criterion also helps distinguish between the

most and least damaged flanks more easily.

Table 35. Pitting linear model for worm wheel 1 - alternative beginning of pitting criterion

Beginning of NL<1.1-10° Ap(%) = —0.633 + 0.000003 - Ny, 39.56%
pitting*

(Ap,avg = 2%)

Beginning of NL<1.1-10° Ap(%) = —1.161 + 0.000003 - Ny, 54.12%
pitting* + 1.056 * Fyorm

(Ap avg = 2%)

In order to understand how certain deviations impact the occurrence of first pitting and pitting
at the end of the test, radar plots for the four most damaged and four least damaged flanks are
given in Figure 104. The deviations were normalized in the range of -1 to 1. The largest radial
runout is the closest probing ball position to the wheel axis and is normalized as 1. The bigger
the tooth gap between two consecutive wheel teeth the larger the radial runout was measured
(the probing ball was closer to the wheel axis). The largest differences between the most and
least damaged flanks for Ap10 = 2% criterion can be seen in fy2 and F deviations. It must be
noted that the fp2 deviation presented here is primarily influenced by worm deviation Fworm and,
therefore, should not be considered on its own. For the Ap10 = 10% criterion in most damaged
flanks, deviations Faxe, Fr2, and F,2 were positioned towards the maximum range, meaning the
flanks with the largest of these deviations experienced the most pitting. On the contrary, when
observing the least damaged flanks, those deviations were heavily inclined toward the other end
of the deviation range. This was most noticeable for axial runout Fax> where the positive range
corresponds to axial runout measured in the positive axis-z direction (Figure 105). Plots for
Apavg = 2.54% have a more similar deviation distribution than those at the end of the test
(Ar10 = 9.78%). Also, radar plots of most damaged flanks are more alike than plots of least
damaged flanks. Lastly, the position of the flanks on the wheel, defined by their numbers, was
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more consistent in the most damaged flanks. Flanks No. 7 and No. 11 were the most damaged
in all cases.

Ay =2.74%; 4,,,=0.74% Ay =5.38%: A, =2.54%

Pavg
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Figure 104. Worm wheel 1 - deviation distribution among the least and the most damaged flanks
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Figure 105. Axial runout — definition of positive and negative axial runout
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9.2.2 Worm pair 2 (EP)

9.2.2.1 Pitting

Similar to worm pair 1, the first noticeable pitting was recorded after N~ 0.31-10° with
average pitting being Ap.avg = 0.11% and Ap10 = 0.62%. Pitting formed on the top of the leaving
side of the flank. According to Figure 106, the average pitting was Ap = 9.77% at the end of the
test, while the average pitting on odd and even flanks was Ap = 11.46% and Ar = 8.08%,
respectively. The difference between the most and the least pitted flank, flank No. 35 and flank
No. 10, was 12.5%. Interesting pitting development behavior was recorded for flank No. 12.
After initial pitting development, up to N._~ 1-105, for the remainder of the test, the increase in
pitting was negligible compared to the average pitting increase on all flanks. This example
suggests that it is possible to have worm wheel flanks with very little pitting development after

the initial pitting is formed.
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Figure 106. Pitting percentages for worm wheel 2

Pitting formation and development on flank No. 35 are presented in Figure 107. Pitting formed
on the top of the leaving side of the flank and gradually developed across the top of the flank
towards the middle of the tooth. According to Figure 108, a moderate correlation between the
first pitting and pitting at the end of the test was also found in worm wheel 2 (r = 0.59), similar

to worm wheel 1 (r = 0.64).
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N, = 1.70-10°, 4, = 11.9% N, =2.010°, 4, = 17.9%

Figure 107. Pitting formation and development on flank No. 35
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Figure 108. Pitting correlation for worm wheel 2
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Pitting locations on tooth flanks are provided in Figure 109. Unlike pitting development in
worm wheel 1 where odd flanks had pitting in the top while even flanks had in the bottom of
the flank, here first pitting formed on both odd and even flanks on top of the leaving side of the
flank and then gradually spread towards the bottom of the flank. Also, odd flanks were more
damaged. The average pitting at the end of the test was Ap = 11.46% on odd flanks compared

to Ap = 8.08% on even flanks.
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Figure 109. Pitting formation and development on worm wheel 2 flanks
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Pitting depth analysis was conducted by analyzing computed tomography scans of tooth/flank
No. 35 (CT, measuring device exaCT 130S). At the end of the test, flank No. 35 had a pitting
area of Ap = 17.9%. The maximum measured pitting depth was 0.55 mm (Figure 110). The
location of the deepest pit was in the middle of the tooth where the tooth is the thinnest. Paired
with the amount of wear of 0.06 mm measured at that location, the total material loss was 0.61
mm. The tooth thickness reduction criterion is only considered for wear load capacity
calculation. According to the presented results, the largest tooth thickness reduction results from

pitting and not wear.
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Figure 110. Pitting depth analysis of flank No. 35
9.2.2.2 Deviations, wear, and pitting model

The worm wheel deviations are given in Figure 111, while worm 2 average single pitch
and runout deviations, measured at six points along the active part of worm thread length, are

provided in Table 36. Worm pair 2 (EP) quality grades are given in Table 32.

Worm 2 single pitch deviations fpx were identical, while runout deviation Fr1 was 3 um. Also,
the differences between axial profiles of worm threads were minimal (Figure 112). As worm 2
deviations could not point out meaningful differences between two worm threads, the only
deviations that can be considered to explain the variance in pitting were worm wheel 2
deviations. As in worm wheel 1, the distribution of worm wheel single pitch deviation f,> was
unchanged. One positive pitch deviation was followed by one negative pitch deviation. By
comparing Table 32 and Table 37, it can be noticed that worm 2 was characterized by lower
quality grades compared to worm 1 (lower quality grade means lower deviations, thus better
dimensional accuracy). On the other hand, worm wheel 2 had larger deviations than worm
wheel 1 (worm wheel 2 had higher quality grades). Additionally, axial runout in worm wheel 1

was Fax = + 37 um compared to worm wheel 2 axial runout of Faxz = £ 14 um. Radial runout
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was larger in worm wheel 2 as well. However, the individual tooth gap values were also less
negative compared to worm wheel 1. This can also be interpreted as the tooth gaps being

narrower; therefore, the teeth were thicker in the worm wheel 2.
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Figure 111. Worm wheel 2 - deviations
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Table 36. Worm 2 - deviations

fox, mm Fr1, mm
Thread 1 -0.020 0.830
Thread 2 -0.020 0.827
Table 37. Worm pair 2 (EP) — quality grades (Q)

Deviation Worm Wheel
Single pitch deviation (axial) fox Q9 - -
Single pitch deviation - - fp2 Q11
Adjacent pitch difference fux Q1 fuz Q11
Total pitch deviation Fpz Q9 - -
Total cumulative pitch deviation - - Fp2 Q9
Total profile deviation Fa1 Q10 Fa2 Q12
Runout Fr1 Q1 Frz Q12

Worm 2 - axial profile curvature

Worm thread height, mm

20 30 40
Curvature, pm

50 60

Thread 1
Thread 2 .
= Ideal profile

70

Figure 112. Worm 2 — axial profile curvature
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Wear analysis was conducted similarly as in worm wheel 1. Wear was evaluated in the middle
(Wear (1)) and on the leaving side of the flank (Wear (2)) by measuring tooth thickness before
and after the test. The difference in tooth thickness 4sm2 represents wear on the worm wheel
reference circle, while 4s; represents wear on the leaving side of the flank (Table 38). In contrast
to worm wheel 1, the difference in wear between odd and even flanks was minimal or
negligible, according to Asm2and 4s, values. As worm 2 thread profile curvatures were similar,
this focuses on the significant difference in profile curvature in worm 1. Presumably, the large
differences in worm 1 thread profiles were the main cause for dissimilar wear values among
odd and even flanks present in worm wheel 1. Also, the wear did not correlate with the pitting
in worm wheel 2 (Figure 113). In contrast, the positive moderate correlation between wear on
the leaving side of the flank and pitting was present in worm wheel 1 (Figure 103). Compared
to a high correlation of r = 0.7 between Wear (1) and radial runout in worm wheel 1, worm
wheel 2 showed a moderate correlation of r = 0.57 between Wear (1) and radial runout. A high

correlation was observed between Wear (1) and tooth thickness.

Table 38. Worm wheel 2 - tooth thickness difference after the test

ASm2 (1), um | 452 (2), pm

Odd teeth 71 120
Even teeth 64 118
All teeth 67 119
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Wear (1) vs. Pitting
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Figure 113. Worm wheel 2 - Correlation between wear, pitting, and deviations
Pitting linear models for “Overall pitting”, “Beginning of pitting,” defined by Ap10 = 2%, and
“Pitting growth stage,” defined by Apiomax = 15% at the end of the test, are presented in
Table 39. Additionally, the linear model for alternative “Beginning of pitting” criterion
Ap10 = 2% is presented in Table 40. Significant increases in explained variance R? occurred
when predicting the “Beginning of pitting” and “Pitting growth stage” with the inclusion of

worm wheel deviations. The explained variance was higher by 11.50% and 19.68%,
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respectively. The fy2 and Fr2 were statistically relevant in all models. The axial runout Fax> was

not statistically significant in pitting linear models on worm wheel 2. The value of axial runout

value was considerably smaller than in worm wheel 1 (£ 14 um vs. £ 37 um). Thus, its effect

on pitting was not found to be significant by the presented models.

Table 39. Pitting linear models for worm wheel 2

Predictors Linear model R?
Overall pitting NL<2.0-10° | Ap(%) = —1.176 + 0.000005 - Ny, 79.96%

NL < 2.0-10° 86.54%

o Ap(%) = —2.21 4 0.000005 - N, + 36.32
Overall pitting Worm wheel
. L. 'fp2_9-93'Fr2

deviations
Beginning of NL<5.1-10° | Ap(%) = —0.3416 + 0.000002 - Ny, 34.99%
pitting
(Ap10 = 2%)
Beginning of NL<5.1-10° 46.49%

Ap(%) = —0.876 + 0.000002 - N;, + 4.41
pitting Worm wheel
L 'fpz _513FI‘2
(Ap10 = 2%) deviations
Pitting growth 5.1-10°<NL | 4p(%) = —0.797 + 0.000005 - Ny, 59.47%
stage <2.0-10°
(Ap10max = 15 %)
o 5.1:10% < N_ 79.15%

Pitting growth

<2.0-108 Ap(%) = —2.117 + 0.000005 - N;, + 54.56
stage

Worm wheel “fp2 —12.67 - Fy,
(Ap10,max = 15 %) o

deviations

Table 40. Pitting linear model for worm wheel 2 - alternative “Beginning of pitting” criterion

Beginning of NL<6.210° | Ap(%) = —0.690 + 0.000004 - N;, 47.65%
pitting*

(Ap avg = 2%)

Beginning of NL<1.1-10° Ap(%) = —1.426 + 0.000003 - N;, + 6.83 | 56.63%
pitting* “fp2 —7.07 - Fy,

(Ap avg = 2%)
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The most and the least damaged worm wheel flanks characterized by their deviations are
presented in Figure 115. The first pitting developed on flanks with large positive single pitch
deviation fp2 and large runout deviation Fr (Figure 115a). As worm 2 threads had no difference
in single pitch deviation (both threads had f,x = -0.020 mm), the worst pitch combination in
terms of load distribution is expected when worm wheel flanks will have positive fp
(-/+ combination of single pitch deviations). This was evident in all presented plots in Figure
115. On the other hand, the least damaged flanks were characterized by negative f,2 and smaller
runout deviation Fr, (between 0 and -1). Tooth profile deviation F, was in the negative range
in most damaged flanks (between 0 and -1) and in the positive range in the least damaged flanks.
The most damaged flanks were distributed between flank No. 23 and No.1, while the least
damaged flanks were positioned from flank No. 10 to No. 18, if excluding flank No. 25. This
flank distribution indicates that there can be sectors with higher and lower pitting damage on
worm wheel, primarily influenced by Fr. deviation. Pitting measured after N = 0.62-10° for
nine consecutive flanks with large Fr (flank No. 30 to flank No. 2) and small F; (flank No. 6 to
flank No. 14) is displayed in Figure 114. The worm wheel sector with large Fr had
Ap avg = 3.10% compared to Ap,avg = 1.38% found in the sector with low F. In the case of worm
wheel 2, the most damaged flanks were not the same for Ap1g = 2.54 % and Apio = 14.92%,
although relatively close by their position on the worm wheel. The same holds for least damaged
flanks. This observation further supports the earlier statement regarding worm wheel sectors

with more or less pitting.

Flank No. 30 - Flank No. 2 Flank No. 6 - Flank No. 14

N, =0.62:10°

Flank overlap

Ap. = 3.10%

Pavg

O - N W B~ O O ~N © ©

Ay, = 1.38%

Figure 114. Overlap of nine consecutive flanks: a) large F,, b) small F;
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Ao =2.54%; A,,,=1.16% Ay = 4.43%; 4,,,=2.19%

Most damaged flanks Least damaged flanks Most damaged flanks Least damaged flanks

—&—Flank No. 10 —&—Flank No. 23 —&—Flank No. 10

—&— Flank No. 1
—&— Flank No. 27 —®—Flank No. 14 —®— Flank No. 31 —&— Flank No. 14

Flank No. 29 Flank No. 18 Flank No. 33 Flank No. 16
—&— Flank No. 35 —&— Flank No. 25 —8— Flank No. 35 —@— Flank No. 25

a) b)
— 0/ . - 0
Ay =14.92%; 4,.,=9.77%
Most damaged flanks Least damaged flanks

—®—Flank No. | =& Flank No. 10
—®— Flank No. 3 =& Flank No. 12

Flank No. 27 Flank No. 16
|—@—Flank No. 35 —&— Flank No. 18

c)

Figure 115. Worm wheel 2 - deviation of most damaged and least damaged flanks

9.2.3 Worm pair 3 (EP)

9.2.3.1 Pitting and wear

Worm wheel 3 was paired with electropolished worm 3. The pair was characterized by
the largest contact pattern due to higher initial wear and faster and better running-in. In part,
this can be attributed to the electropolished worm surface as a similar phenomenon was
observed during the block-on-disc experiment presented in this research, and the literature
[32,142]. Also, worm wheel 3 had substantially lower pitting than the other two pairs. Pitting
percentages are presented in Figure 116. The pitting location at the end of the test, overlapped

for odd, even, and all flanks, is shown in Figure 117.
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Figure 116. Pitting on worm wheel 3
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Figure 117. Pitting location (overlapped) on flanks of worm wheel 3
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Due to the established full contact pattern, the pitting developed on the leaving side of the flank,
while micropitting developed on the entering side of the flank (Figure 118). Generally, pitting
or micropitting development on the entering side of the flank indicates that the contact pattern
is not adequate. Microppiting occurring on the entering side usually indicates a significant
contact pressure build-up which can limit the oil entering the contact zone. This can create
unfavorable lubrication conditions. Most of the pitting overlap occurred in the middle of the
flanks. In the middle of the flank, the oil film thinning effect is intensified due to significant
convection of temperature from the worm wheel into the oil and unfavorable contact geometry
[30]. However, as already explained in section 9.1 Influence of surface texturing, the effects of
electropolished worm surface, primarily enhanced running-in and improved lubrication, play a

vital role in the efficiency and pitting behavior of worm wheel 3. Furthermore, the improved
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lubrication conditions enable worm pair 3 to work with a full contact pattern without harmful
effects. In worm pairs with ground-only worms, the full contact pattern promotes the onset of
scuffing due to insufficient lubrication (e.g., worm pair 6).

Micropitting Pitting
Figure 118. An example of micropitting and pitting
Wear was measured through tooth thickness reduction in the middle and on the leaving side of
the flank (Table 41). Obtained values in worm wheel 3 were a lot higher compared to
ASm2 =51 um and 4sz = 135 pum in worm pair 1, and ASm2 = 67 pm and 4s2 = 119 um in worm
pair 2 (EP).

Table 41. Worm wheel 3 - tooth thickness difference after the test

ASm2 (1), um | AS2(2), um

Odd teeth 264 407
Even teeth 244 420
All teeth 254 414

The increased wear is not desirable, if observed as an isolated phenomenon. The interconnected
system of contact pattern, sliding wear, and pitting is a complex topic in worm pairs. Sliding
wear is necessary to achieve an adequate contact pattern. Also, the amount of wear can vary
depending on worm pair geometry, as seen from the presented results. For worm pairs in this
research, the measured amount of wear at the end of the test run can be roughly approximated

as the amount of wear that occurred as a byproduct of running-in. This is because most wear
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occurs during running-in or at the end of a lifetime when severe wear precedes component
failure. In conducted test runs, the number of load cycles was Ni = 2-10°, which is far lower
than N_ estimated through wear load capacity calculation. Therefore, the eventual wear that

precedes the end of a lifetime for the worm wheel can be ignored.

On the other hand, if a high wear rate continues throughout the worm pair operation, e.g., after
the running-in process, it will cause worm wheel teeth to thin and tooth tip to break. A high
enough wear rate might mitigate the onset and development of pitting as the material is
constantly removed from the flank [25,29]. Another possibility is that when the load is
uniformly distributed and accompanied by favorable lubrication conditions, the wear after the
running-in period will be minimal, and pitting development will slowly take place. This is the
most likely scenario that was observed in worm wheel 3. However, the high wear rate will occur
during stage Il of pitting development, appropriately named the “Wear stage” by the ISO/TS
14521 standard. As a large portion of the worm wheel tooth surface is damaged, its load-
carrying ability is significantly reduced, resulting in increased wear on the remainder of the

flank surface. This behavior usually indicates the end of the lifetime of a worm wheel.

9.2.3.2 Deviations

The worm wheel deviations are given in Figure 119. Single pitch deviation had the same
distribution as in previous worm wheels. Worm wheel 3 had the smallest tooth thickness among
observed worm wheels. This is the reason for larger negative individual runout deviations than
worm wheels 1 and 2. The overall runout deviation was Fr. = 137 um, expressed as the
difference between the smallest and the largest individual runout deviation. The axial runout

was Faxo =+ 42 pm.

Worm 3 average single pitch and runout deviations, measured at six points along the active part
of worm thread length, are provided in Table 42. The comparison of profile curvatures is
presented in Figure 120. Once again, the measured deviations did not point to significant
differences among worm threads. Worm pair 3 (EP) quality grades are given in Table 43. The
total profile deviation measured on worm wheel 3 was larger than the Q12. Therefore, no
appropriate quality grade could be assigned according to the DIN 3974 standard [11].
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Figure 119. Worm wheel 3 — deviations
Table 42. Worm 3 - deviations
fpx, mm Fri, mm
Thread 1 -0.015 0.890
Thread 2 -0.018 0.890
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Table 43. Worm pair 3 (EP) — quality grades (Q)

Deviation Worm Wheel
Single pitch deviation (axial) fox Q9 - -
Single pitch deviation - - fp2 Q11
Adjacent pitch difference fux Q3 fuz Q11
Total pitch deviation Fpz Q9 - -
Total cumulative pitch deviation - - Fp2 Q9
Total profile deviation Fa1 Q11 Fa2 N/A
Runout Fr1 Q1 Fro Q12

Worm 3 - axial profile curvature

Thread 1
Thread 2
= |deal profile

Worm thread height, mm

L L L L L L L
0 10 20 30 40 50 60 70 80
Curvature, um

Figure 120. Worm 3 — axial profile curvature

In the case of worm wheel 3, an appropriate pitting linear model could not be adequately
formulated as pitting was relatively low. The maximum pitting measured on the four most
damaged teeth was Api0 = 1.65%. This was below the Apio = 2% criterion that is usually
considered for the beginning of pitting. An additional problem with low pitting percentages is
that it is hard to objectively distinguish which flanks should be considered the most damaged
(or the least damaged) due to the small pitting differences among flanks. Moreover, when a lot
of micropitting is present on the flank, it becomes problematic to accurately capture all relevant
micro pits during image post-processing. Thus, there is a tendency towards higher image post-
processing errors. Pitting at the end of the test is presented in Figure 121. The most damaged
flanks are highlighted in red and the least damaged flanks are highlighted in blue. Pitting
formation occurred on flanks characterized by positive f» due to anunfavorable pitch

combination with negative fpx on mating worm threads. Compared to axial runout in worm

158



wheel 2 (Fax2 = = 14 um), when axial runout is larger (worm wheel 1, Faxo = £ 37 um; worm

wheel 3, Fax2 = + 42 um), it becomes an influential factor in pitting formation.

1.75

1.25

Pitting, %

0.75

0.5

0.25

Pr'tting - end 0If test |

T

8 10 12 14 16 18 20 22 24 26 28 30 32 34
Flank number

—&— Average-least damaged
—&— Average-most damaged

Figure 121. Worm wheel 3 — pitting at the end of the test
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9.2.4 Worm pair 4 (AISn6 worm wheel)

9.2.4.1 Pitting

Besides test runs with CuSn12 worm wheels, an additional test run with AISn6 worm
wheel was conducted. Due to the lower mechanical properties of worm wheel material, the
applied load was T> = 200 Nm. Pitting development on worm wheel flanks is presented in
Figure 122. Both odd and even flanks were characterized by the same pitting percentage, unlike
in CuSn12 wheels, where a major difference was observed between odd and even flanks. By
analyzing CuSn12 wheels, it was found that the characteristic nature of single pitch deviation
(one positive deviation followed by one negative deviation) was the main reason for the uneven
pitting distribution. Deviations on worm wheel 4 had no such characteristic nature, yet the
distribution was more stochastic without any observable pattern. A more detailed analysis of
deviations will be presented later in this section. The difference between the most pitted flank,
No. 14, and the least pitted flank, No.30, was Ap = 13%, or in percentage difference, 88%. The
first pitting occurred across the flanks; no exact location could be specified. However, as the
test run continued, pitting continued to develop only on the leaving side of the flanks. The
comparison of pitting development on flanks No. 14 and No. 30 is shown in Figure 123.

2 \, | | Worm ‘wheel 4

AF ave’ all flanks

20 A ’

T ro
181-=--- Ap_uvg‘ odd flanks

........... A , even flanks -

P.avg -

16 Ap, flank No. 14 .- 1
14 Ap, flank No. 30 .- i

0 1 2 3 4 5 6 7 8 9 10
Load cycles (worm wheel), NL x10°

Figure 122. Pitting on worm wheel 4
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Flank No. 14 Flank No. 30

N, =1.75-10°, 4,= 0.95%

N, =10-10°, 4,=2131% N,=10-10°, 4,=8.31%

Figure 123. Pitting formation and development on AISn6 worm wheel flanks

Generally, the AISn6 wheel had much more pitting compared to the results reported by other
authors (see Figure 93). The uneven and abrupt increase in pitted area was more evident in the
AISn6 worm wheel than in CuSn12 wheels. Besides the material’s microstructure, the reason
behind this could be the amount of porosity found in AISn6 material. Computed tomography
(CT, measuring device exaCT 130S) was employed to investigate the quality of cast material.
The results are presented in Figure 124. A considerable amount of shrinkage volume/porosity
defects had been found. Porosity defects in the material can act as stress concentrators from
where the crack initiates and propagates toward the surface. If the crack propagates through

several near-surface porosity defects, it can result in the removal of a large piece of material.
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The measured pit depth varied from 0.18 to 0.3 mm (Figure 125). These pits were considerably

shallower compared to the pit depth of 0.31 to 0.55 mm found in worm wheel 2.

Porosity defects

Figure 124. CT scan of AISn6 worm wheel: a) detected shrinkage volume, b) porosity defects

Section | X offset Depth
238 -6,894 0,28
311 -4,923 0,29
434 -1,602 0,16
446 -1,278 0,22
464 -0,792 0,18
479 -0,387 0,19
632 3,744 0,18
674 4,878 0,22

Figure 125. Pit depth across different axial sections

9.2.4.2 Deviations and pitting model

Worm wheel deviations are given in Figure 126, and worm deviations are provided in
Table 44. Single pitch deviation fp2 and total profile deviation Fq2 had stochastic distribution.
Unlike in CuSn12 worm wheels, no characteristic or specific pattern was observed. The
distribution of radial and axial runout had typical distributions. Radial runout usually has
regions or sectors with more pronounced deviations as it is a consequence of inaccuracies that
occur during machining. This refers to inaccurate clamping/fixation of the part being
manufactured or radial runouts of rotary tables, indexing machines. Axial runout had expected

sinusoidal distribution based on the employed measuring principle for its measurement (see

162



Figure 40). The overall runout deviation was Fr2 = 146 pm, while the axial runout was Fax2 = *
45 um. Worm profile curvatures are presented in Figure 127. The dimensional accuracy of
worm pair 4 is presented in Table 45. According to quality grades, worm pair 4 had the lowest

deviations among all investigated worm pairs.
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Figure 126. Worm wheel 4 — deviations

163



Table 44. Worm 4 - deviations

fox, mm Fr1, mm
Thread 1 0.007 0.890
Thread 2 0.008 0.895
Table 45. Worm pair 4 — quality grades (Q)

Deviation Worm Wheel
Single pitch deviation (axial) fox Q6 - -
Single pitch deviation - - fp2 Q10
Adjacent pitch difference fux Q1 fuz Q10
Total pitch deviation Fpz Q7 - -
Total cumulative pitch deviation - - Fp2 Q10
Total profile deviation Fa1 Q11 Fa2 Q11
Runout Fr1 Q3 Fro Q12

Worm 4 - axial profile curvature

T T
= Thread 1
Thread 2
= [deal profile

19

Worm thread height, mm

L 1 1 1 1 L 1 L 1
0 10 20 30 40 50 60 70 80 90 100
Curvature, pm

Figure 127. Worm 4 — axial profile curvature

29 ¢¢

Linear pitting models were developed for “Overall pitting”, “Beginning of pitting” defined by
Ap10 = 2%, and “Pitting growth stage,” defined by Apio,max = 17% at the end of the test (Table
46). In contrast to linear models developed for CuSn12 worm wheels, worm wheel deviations
have little impact on improving the explained variance R? in “Overall pitting” and “Pitting
growth stage” models. A more significant increase in R? occurred when predicting “Beginning

of pitting” and “Beginning of pitting” with the alternative criterion of at least
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Apavg = 2% (Table 47). Due to the stochastic nature of fy2 distribution and its lower values, the

primary predictor, the number of load cycles N, becomes predominant in predicting “Overall

pitting” and “Pitting growth stage”. None of the models recognized the fp2 deviation as

statistically significant in predicting AISn6 worm wheel pitting. The conclusion arises that as

single pitch deviation fp2 becomes smaller, and, more importantly, stochastically distributed,

the less of an impact it will have on pitting development.

In the example of worm wheel 4, the argument for Ap avg = 2% criterion, can again be seen when

predicting pitting in each flank. In the case of Apio = 2%, except for the few damaged flanks
(flank Nos. 8, 13, 15, and 26), other flanks had relatively similar pitting that could not be

distinguished by the model (Figure 128). Using the alternative criterion, linear pitting models

resulted in a larger explained variance.

Table 46. Pitting linear models for worm wheel 4

Predictors Linear model R?
Overall pitting NL<1.0-10° | Ap(%) = —2.36 + 0.000015 - N, 83.34%

NL < 1.0-10° 86.27%

o Ap(%) = —1.082 + 0.000015 - Ny, — 23.37
Overall pitting Worm wheel
. . 'FaX2_26'fu2

deviations
Beginning of NL<2210° | Ap(%) = —1.728 + 0.000012 - N}, 28.04%
pitting
(AP10 = 2%)
Beginning of NL<2.2:10° 43.09%

o Ap(%) = —1.471 4+ 0.000012 - Ny, — 4.74
pitting Worm wheel
. . 'FaX2_11-98'fu2
(Apr10 = 2%) deviations
Pitting growth [ 2.2:10°<NL | Ap(%) = —2.252 + 0.0000015 - Ny, 72.94%
stage <1.0-10°
(APlo,max =17 %)
o 2.2:10° < N_ 78.39%

Pitting growth

<1.0-10° Ap(%) = —2.252 4+ 0.000015 - Ny, — 32.09
stage

Worm wheel 3 I
(Ap10,max = 17 %) .

deviations
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Table 47. Pitting linear model for worm wheel 4 - alternative “Beginning of pitting” criterion

Beginning of NL<2.8-10° Ap(%) = —3.824 4+ 0.000023 - Ny, 43.93%
pitting*

(Ap avg = 2%)

Beginning of NL<2.8-10° Ap(%) = —3.824 + 0.000023 - N}, 52.13%
pitting* —12.99 - Fyx,

(Apavg = 2%)

Pitting (N, =2.2- 105)
T T T L T T

ottt 0

I I I
2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36
Flank number

Pitting, %

Figure 128. Pitting corresponding to criterion Apio = 2%

Normalized deviations from -1 to 1 were used to describe the most and least damaged flanks
(Figure 130). When pitting formation reached Api0 = 2.05%, the differences among flank
deviations were less evident than when pitting reached Apavg = 2.64%. Most damaged flanks
were characterized by negative Faxz and large Fro. The opposite was true for the least damaged
flanks. Both most and least damaged flanks were close by their respective flank number,
meaning there were sectors of the worm wheel with more or less pitting. Similar pitting
distribution was already seen in worm wheels 1 and 2. Based on these observations, pitting
distribution is largely governed by radial and axial runout of the worm wheel. The correlation
between pitting at the start and end of the test found on worm wheel 4 was non-existent (Figure
129, r = 0.26). This is somewhat contrary to positive correlations found in worm wheel 1 (r =
0.64) and worm wheel 2 (r = 0.59). This lack of correlation can also be explained by deviation
distribution. In worm wheels 1 and 2, either a dominant deviation was found in worm thread
profiles (worm 1) or a characteristic single pitch deviation was found on worm wheels (one
positive f,> followed by one negative fy2). These deviations induced first pitting that continued
to develop on these same flanks. In the case of worm wheel 4, there were no such distinguishing
deviations; instead, the fp> distribution was mainly stochastic, causing pitting to be more

uniformly distributed.
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Figure 129. Pitting correlation for worm wheel 4
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Figure 130. Worm wheel 4 - deviation distribution among the least and the most damaged flanks
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9.3 Finite element analysis results

The results presented in this section are obtained by the FEM model described earlier in
section 7. Finite element model. Before results analysis, the general purpose of the model, as

well as its limitations, should be considered:

e The purpose of the model was to represent the contact pattern, load, and stress
distribution in worm pairs represented by real geometry as closely as possible. Literature
usually considers ideal geometry that does not account for geometry deviations or
changes of geometry that take place after the running-in process.

e The worm pair geometry was acquired through 3D optical scanning before and at the
end of experimental test runs. Therefore, there are two distinct geometries considered
in this research. The limitation of this approach was that there was no worm pair
scanning after the running-in process during which a majority of geometry changes took
place due to extensive worm wheel wear. Worm pair geometry was not scanned after
the running-in as this would imply disassembling of a worm pair gearbox. As the worm
wheel was axially adjusted during running-in to establish a proper contact pattern, the
disassembling of the gearbox would result in disrupting the established worm pair
position. However, this would induce a new running-in process, changing the contacting
geometry of the worm pair again.

e Due to scanning inaccuracies and deviations present in surface fitting, the worm and
worm wheel CAD models deviate from the real parts. Also, as softened contact with a
pressure-overclosure relationship was employed, the obtained values of contact stresses
cannot be considered exact. Therefore, contact stresses should be considered as a good
approximation of real contact stresses. The model verification showed good agreement

with analytical calculation and established contact patterns.

For the remainder of this section, initial load conditions imply a load of T> = 50 Nm before
running-in. The geometry used in these analyses was “as manufactured,” obtained by 3D optical

scanning before test runs.

End-of-test conditions assume a load of T> = 300 Nm and an established contact pattern. The

geometry used in these analyses was obtained by 3D optical scanning after the test runs.
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9.3.1 Initial load distribution and contact pattern

Initial worm pair contact was analyzed with the torque of T> = 50 Nm, corresponding to
inertia loads present in the worm pair experimental stand. Normal load distribution acting on
worm wheel 1 tooth flanks is presented in Figure 131. Similar initial contact results were also

obtained for other CuSn12 worm wheels.

800

P X ', ------- e Tooth No. 30
! ‘ Tooth No. 31
I | [~ = -~ Tooth No. 32
' i - === Tooth No. 33
‘ e Tooth No. 34

N

D

=

S
T

&

=

S
1

Normal force,

! \ Jiy 1
6 8 10 12 14 16 18 20
Worm rotation, rad

(=]
0o
4

Figure 131. Initial load distribution on worm wheel 1

The overlap between blue and red lines represents a period when two tooth pairs were in
simultaneous contact during mesh. Load distribution among tooth pairs is usually expressed by
contact ratio. Contact ratio is the average number of teeth in contact with one another as the
gears operate. In a worm pair, the contact ratio is obtained by the ratio of the distance between
the two positions of the worm defined when the first line of contact is tangent to the zone of
contact and the last line of contact is tangent to the zone of contact, divided by the axial pitch
[51]. A theoretical contact ratio for worm pairs [47] can be approximated by the expression:

h
7 _ . 7 _ 7 _ ; 2 a1
. VTa2% = (Tmz * €0S @)% — \[Tinz? — (Tmz " COS @0)? + sin ag (48)

£
m COS g * COS2Ypy, * Px1

The contact ratio of worm pairs investigated in this research was em~ 1.93. The contact ratio
can also be extracted from the load distribution plot. In the presented FEM model, the increment
size was set to a fixed value of 0.005 throughout the second step (rotation step) of the analysis.
In quasi-static analysis, each increment represents one analysis frame. As every frame had the
same increment size, it was possible to define the worm rotation angle per frame. If the worm
rotation angle per frame is multiplied by the number of frames during which one tooth flank is
in contact, and then multiplied by the worm lead, the result is a linear path during which the

worm was in contact with the same worm wheel flank. The contact ratio is obtained if that path
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is divided by the axial pitch px1. By employing this approach, the contact ratio for worm wheel

1 under initial load conditions was em~ 1.05 (T2 = 50 Nm).

Under initial load conditions, the contact was achieved on the top of the leaving side of the
worm wheel flank (Figure 132a). Such initial contact was expected as worm wheels were

produced using an oversized hob that promotes contact on the leaving side of the flank.
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Figure 132. Initial contact of worm wheel 1: a) contact pattern defined by variable CSTATUS,
b) contact pressure, ¢) initial contact pattern on worm wheel 1, d) average contact pressure

Contact pressures (Abaqus variable CPRESS) were high and well above mean contact stress
onm = 323 N/mm? obtained through ISO/TS 14521 standard (Figure 132b). High contact
pressures occur due to a small contacting surface, although the applied torque of T>= 50 Nm
was relatively minor. These results highlight the importance of a proper running-in process to
establish adequate contact pattern and distribute the load more uniformly. The difference in
average contact pressures between odd and even flanks was most evident at the beginning of
the contact. As contact was first established at the top of the leaving side of the flanks, these
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results coincide with the pitting locations on worm wheel flanks. As such high contact pressures
can occur even under light loads, there is evidence that contact conditions during the running-
in process may play a significant role in pitting initiation. For reference, a pitting areas in flanks
No. 31 and No. 33 were Ap = 7.99% and Ap = 6.47%, respectively, compared to Ap = 1.18%, Ap
= 2.24% and Ap = 2.88% in flanks No. 30, No. 32, No. 34, respectively. In Figure 132c, the
highlighted grey area represents the initial contact pattern before the test run. Odd flanks had
negative single pitch deviation and were in contact with worm thread 1 which had higher worm
profile deviation (was more convex). This combination of errors produced more concentrated
contact spread over the lower surface area. Therefore, average contact pressure was higher in
odd worm wheel flanks when compared to even flanks (Figure 132d). Odd flanks were also the

more pitted flanks at the end of the test.

In order to investigate the theoretical contact conditions under full working load, an additional
analysis was conducted with the applied torque of T2 = 300 Nm. It is important to note that this
will not be the case in the actual worm pair application as running-in is usually conducted in
several steps with gradually increasing load. Nonetheless, these observations serve as a good
indication of what would happen if the full working load was applied before running-in. The
results are presented in Figure 133. A larger load would result in a higher contact ratio,
em =~ 1.36, and a more spread contact pattern due to elastic deformation of the teeth.
Nevertheless, the contact pattern would be unfavorable and located only on top of the flanks.
Contacting stresses would be high, well above 1000 N/mm?, with peaks reaching up to 2000
N/mm? in certain locations on the flank as the load is not uniformly distributed due to an
inadequate contact pattern. For reference, the pitting resistance for the CuSn12 worm wheel is

oHlimT = 425 N/mm?.
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Figure 133. Theoretical worm wheel contact (T, = 300 Nm): a) load distribution, b) contact pattern,
C) contact pressure

This type of analysis can also be indicative in terms of predicting initial pitting locations. An
analysis of theoretical contact pressures was conducted for worm wheel 2. Worm wheel 2 was
characterized by positive single pitch deviation on odd flanks and negative single pitch
deviations on even flanks. Both worm 2 threads had negative single pitch deviation. A
combination of negative worm deviation and positive wheel deviation should yield the most
unfavorable contact conditions in terms of load and stress sharing. The example of average
contact pressures on worm wheel 2 flanks is presented in Figure 134. Odd flanks would
experience noticeably higher contact pressures at the start of the contact. As contact is usually
adjusted on the leaving side of the flank, these results would coincide with the pitting locations
found on the flanks of worm wheel 2. Presented results can be considered in good agreement
with measured pitting at the end of the test: flank No.25; Ap = 11.17%, flank N0.26; Ap = 7.52%,
flank N0.27; Ap = 14.2%, flank N0.28; Apr = 7.96%, flank N0.29; Ap = 11.12%.
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Figure 134. Theoretical average contact pressures on worm wheel 2

Flanks of worm wheel 2 characterized by large radial runout F; exhibited more pitting, as
already presented in Figure 114. An analysis was conducted to determine the contact pressure
of a few consecutive flanks characterized by large Frand a few consecutive flanks with smaller
Fr. The results of average contact pressure for Flanks No. 9 to No. 12 (average Fr=-0.049 mm)
and flanks No. 25 to No. 29 (average Fr=-0.128 mm) are given in Figure 135. The average
contact pressure at the beginning of the contact can be higher by 50% on flanks with large radial
runout Fr. These results would coincide with the pitting locations in Figure 114 and can serve

as a good predictor for potential pitting formation.
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Figure 135. Average contact pressure among flanks with large F, and small F;
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9.3.2 Contact pattern, stress, and load distribution at the end of the

test

By the end of the test, worm wheels experienced several processes that contributed to
changes in their geometry. Firstly, running-in resulted in a considerable amount of bronze wear.
Secondly, continuous bronze wear, although at lower rates, occurred throughout the testing
period. The steel worm also experienced wear, although negligible compared to bronze worm
wheel. Lastly, as the test run progressed, pitting formation and development altered contact
conditions by reducing worm wheel flank surface area and shifting the contact pattern due to
flank material loss. Cumulatively, these processes were evident on scanned geometry after the
test and had direct effects on contact conditions in presented FEM results. Contact patterns at

the end of test runs obtained by the FEM model are presented in Figure 136.

Worm wheel 1 Worm wheel 2 Worm wheel 3
a) b) c)

Figure 136. Contact patterns at the end of test runs (variable CSTATUS): a) worm wheel 1,
b) worm wheel 2, c) worm wheel 3

Worm wheel 1 contact pattern was spread across the wheel width and more focused in the lower
half of the flank. During the test run, the pitting slowly shifted towards the bottom of the flank,
as already shown in Figure 97. This indicates that the contact pattern also shifted from the top
to the bottom of the flank as pitting and wear progressed. The upper part of the flank was heavily
pitted and worn out. These findings suggest that contact can transfer across the worm wheel
flank due to changes in contact surface and geometry primarily induced by wear and pitting.

Worm wheel 2’s contact pattern was smaller and distinct differences between odd and even
flanks can be observed. Odd flanks had more uniform contact spread from the entering to the
leaving side. On the other hand, even flanks had a slightly split contact pattern, with a little
contact on the entering side followed by a lack of contact, and then the majority of the contact
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pattern was located from the middle towards the leaving side of the flanks. Odd flanks were the
ones characterized by negative single pitch deviations. On both worm wheels 1 and 2, the lack
of contact pattern enclosed by the green surface was locations of pitting where the contacting

surface was nonexistent. Therefore, no contact could be established.

Worm wheel 3 exhibited a full contact pattern. As no significant pitting had occurred on worm
wheel 3 (Ar10 < 2%), no enclosed areas with a lack of contact could be found. Worm wheel 3
had higher bronze wear and faster running-in. This was correlated to electropolished worm
surfaces and was more pronounced in worm wheel 3 compared to worm wheel 2, both of which
were paired with electropolished worms. Full contact pattern also contributed to more even load
distribution and delayed onset of pitting.

The distribution of contact pressures is shown in Figure 137. To highlight the regions with the
highest contact pressures, the upper limit for contact pressure representation was set to 500
N/mm?. This means that the red color depicts contact pressures of 500 N/mm? or above (the
highest localized contact pressures were 1500 N/mm?). The set threshold value was selected

based on pitting resistance for CuSn12 worm wheels, cuiimt = 425 N/mm?,
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Figure 137. Contact pressures at the end of test runs (variable CPRESS): a) worm wheel 1,
b) worm wheel 2, c) worm wheel 3

In worm wheel 1, the highest contact pressures were present in the bottom on the leaving side
of the flanks. This was the same location where pitting started to develop at the end of the test,
especially on even flanks. Worm wheel 2 was characterized by high pressures on the leaving
side of the flanks, where the majority of the pitting had developed. It must be noted that due to
local geometrical irregularities and lack of supporting surface due to pitting, the stress

concentrations are expected to be near the locations of existing pitting. In some degree, higher
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contact pressures were detected in the middle of the odd flanks. As the contacting surface was
severely damaged by pitting on the leaving side of the flanks, pitting usually tends to progress
towards the middle and entering side of the flank where sufficient contacting surface is still
present [25]. Worm wheel 3 had uniformly distributed contact pressure, with few stress
concentrations above the set threshold. Also, the contact pressure value was relatively similar
on both the entering and leaving sides of the flank. This was in line with the detected pitting on
both sides of the flank, as presented in Figure 117 and Figure 118. The locations of high contact
pressures acquired by the FEM model can serve as a good indication of where the continuation
of pitting development could take place. Moreover, these results suggest that pressure
distribution in worm pairs is far more complex and inconsistent compared to theoretical

pressure distribution.

The average contact pressures for worm wheel 2 and worm wheel 3 are presented in Figure
138. As contact starts on top of the leaving side of the flank, it coincides with locations of
existing pitting where the contacting surface is reduced, thus resulting in high contact pressures.
Although odd and even flanks had pitting, albeit odd flanks in larger percentages, the difference
in average contact pressures is significant. This indicates that pitting will tend to develop on
already highly pitted flanks as long as the flank surface is large enough to support the load.
Also, this is in line with a positive correlation between pitting at the start of the test vs. at the
end of the test, found in worm wheels 1 and 2. In other words, a highly pitted flank at the start
of the test will continue to develop more pitting faster than a flank with low initial pitting. This

claim can also be supported by the results of pitting development found during the test runs.

On the other hand, the results of contact pressures for worm wheel 3 show a more uniform
distribution with lower peak values. Although worm wheel 3 also had characteristic single pitch
deviation, establishing a full contact pattern reduced the influence of the mentioned deviation.
The differences in pitting between odd and even flanks were present but to a lesser extent.
Moreover, the influence of deviations on describing the most and least damaged flanks was not
as clear as in worm wheels 1 and 2 (see Figure 121). Based on already mentioned findings and
coupled with the results of FEM analysis, it cannot be stated with certainty that pitting will
continue to develop on already more damaged flanks (odd flanks), as is the case with worm
wheel 2. It can be argued that a full contact pattern reduces the impact of worm wheel deviations

on pitting formation due to more uniform load and stress distribution.
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Figure 138. Average contact pressures at the end of the test: a) worm wheel 2, b) worm wheel 3

Load distribution in worm wheels is provided in Figure 139. The presented results illustrate a
distribution of total normal contact force on five consecutive flanks during worm pair rotation.
The contact ratio was calculated based on load distribution plots: worm wheel 1, em = 2.38;
worm wheel 2, em~ 2.06; worm wheel 3, em~ 2.41. Contact ratios obtained via the FEM model
were larger compared to the theoretical contact ratio, em = 1.93. These FEM results reveal
multiple differences between worm wheels 1 and 3 compared to worm wheel 2 and can be used
for explaining higher pitting percentages in worm wheel 2. In worm wheels 1 and 3, the contact
pattern was distributed across the entire worm wheel width, thus ensuring a more uniform load
distribution. On average, the peak value of total normal contact force in worm wheel 2 was
4134 N compared to 3668 N and 3235 N in worm wheels 1 and 3, respectively. Moreover,
values of contact ratios and periods of three tooth pairs in contact (hatched area) were more
prominent in worm wheels 1 and 3. As in other gears, the theoretical contact ratio in worm pairs
is defined through geometry (see expression (48)). Also, the contact ratio will increase with an

increase in load due to elastic deformations of tooth pairs.

Furthermore, the contact ratio heavily depends on established contact patterns in worm pairs.
In worm wheels 1 and 3, the contact pattern was spread across the entire worm wheel width
thus covering both the entering and leaving sides of the flank. The entering side of worm wheel
1 was partially in contact, while worm wheel 3 had a full contact pattern. In practice, contact
patterns are usually established in the middle and towards the leaving side of the flank (contact
pattern in worm wheel 2) to enable better oil entrainment into the contact zone. A full contact
pattern in conventional worm pairs (ground steel-bronze material pairs) tends to induce
scuffing, as was the case with worm pair 6 in this research. However, as observed in worm pair

3, the electropolished steel-bronze pair had no problems with full contact pattern. Partial contact
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patterns in worm wheels 1 and 2 mitigate the problem of insufficient lubrication but also worsen
contact conditions in terms of higher contact pressures and earlier pitting formation (Figure
140).
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Figure 139. Load distribution in worm wheels
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Figure 140. FEM results: a) average contact pressure, b) contact area

The detected differences in investigated worm pairs can lead to rather contradictory
conclusions. One can argue it is better to have a full contact pattern, therefore better load
distribution and delayed wear and pitting damage. However, there is a serious possibility of
scuffing due to bad lubrication conditions. Others can claim that partial contact patterns
certainly ensure good lubrication conditions. On the one hand, this lowers the danger associated
with sudden scuffing at the expense of worse load distribution and earlier onset of damage,
primarily pitting. The latter argument makes more sense from a practical standpoint, as worm
wheels can operate with up to 60% of pitted flanks. More importantly, pitting develops slowly
over time compared to scuffing. Scuffing occurs in a rather short period of time and can result
in a quick failure of the worm pair, thus making it certainly a more dangerous damage
mechanism. However, this also opens possibilities for further research as optimal, or at least
narrowly defined solution for the presented problem has not yet been found. A possible step in
that direction can be focusing on surface modifications that benefit overall efficiency and

improved lubrication in worm pairs with full contact pattern.

Based on the presented FEM results, it can be concluded that different contact conditions
largely influenced the difference in pitting among bronze wheels in this research. On the other
hand, contact conditions are a product of many factors that act simultaneously: worm pair
geometry, running-in, established contact pattern, the topography of contacting surfaces, or
lubrication conditions. Individual worm pair deviations showed a meaningful role in describing
overall pitting on worm wheels. However, their mutual interaction and combinations form the
overall worm pair geometry. The FEM results showed that contact conditions can to a large
degree be unlike theoretical ones. One of the main goals of this FEM model was to investigate
and describe contact conditions derived from real worm pair geometry and application. By
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utilizing actual geometry obtained through 3D optical scanning, the presented approach enables

the investigation of gears and other machine components in a more realistic manner.
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10

Conclusions

In this doctoral thesis, the influence of worm pair dimensional accuracy on pitting
formation and development on worm wheels made of CuSn12 and AISn6 was investigated.
Moreover, electropolishing was used as a non-conventional surface texturing method to alter
steel worm surface topography and improve lubrication conditions in worm pairs. Furthermore,
a finite element method (FEM) model based on 3D optical scans of worm pairs was developed

to gain further insight into the real working conditions of worm pairs.

Analysis of pitting formation and development proved to be a challenging task due to several
factors. Firstly, the running-in process used for establishing acceptable contact pattern in worm
pairs results in a complete alternation of contacting geometry. The change in geometry, due to
initial bronze wear, is by an order of magnitude larger than measured deviations. The legitimate
question arises as to whether it is possible to correlate worm pair deviations with real working
contact conditions and pitting damage. Contact patterns were achieved by axial adjustment of
the worm wheel. When an acceptable contact pattern was established, the worm pair was
considered ready for the test run under full load. As every worm pair required individual contact
pattern adjustment, it was not possible to establish the same contact pattern in all investigated
worm pairs. Also, establishing a full contact pattern proved to be catastrophic in conventional
worm pairs (scuffing on worm wheel 6). Established contact patterns were all adequate,
although different from one another, thus implementing another variable into the problem that

had to be considered. Moreover, it was shown that contact patterns can change as a result of

181



uneven flank wear, all due to geometry deviations present in manufactured worm pairs (worm
wheel 1). Lastly, pitting tends to occur suddenly, removing large pieces of material. This creates
a spike in the measured pitted area and presents a problem with defining pitting criteria and

developing pitting models.

A total of six worm pairs were tested, four of which were considered for analysis of pitting
formation and development (three CuSn12 worm wheels and one AlISn6 worm wheel). Two of
the three CuSn12 worm wheels were paired with electropolished worms to investigate the
influence of surface modification on lubrication conditions. Due to different worm wheel
materials, the specific nature of deviation distribution, and worm wheel pairing with
conventional or electropolished worms, the overall general pitting model could not be reliably
developed. Rather, multiple pitting models for each inspected worm wheels were developed.
Each of the worm pairs was thoroughly analyzed based on deviation distribution, established
contact pattern, and supplemented with the results of load and stress distribution through FEM

analyses. The following conclusions can be drawn:

e If a specific deviation distribution is present, it will govern the pitting formation and
development on worm wheel flanks. In the example of worm pair 2, one positive worm
wheel pitch deviation was followed by one negative pitch deviation. As worm threads
had similar deviations, most pitting occurred on worm wheel flanks characterized by
positive single pitch deviation. However, if worm threads have distinct differences, as
observed in worm pair 1, the unfavorable deviation present in one of the worm threads
will induce the majority of pitting on worm wheel flanks, despite its single pitch
deviation distribution.

e Ifthere is no specific distribution of deviations, the locations of pitting can be explained
by radial and axial runout. The locations of the most and least damaged flanks are
distributed in sectors (a few consecutive flanks in a row) closely related to the position
of maximum/minimum runout deviations.

e In the case of no specific deviation distribution, the variance in pitting is dominantly
explained by the number of load cycles, as seen in worm wheel 4. The increase in
explained variance by including worm wheel deviations was 2.93% for the “Overall
pitting” model and up to 15.05% for the “Beginning of pitting” model. On the other
hand, when there is a specific deviation distribution present, the deviations have a much
larger impact on explaining variance in pitting, up to 43.12%, as presented by pitting

models for worm wheel 1.
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e Pitting formation occurs at the top of the leaving side of the flank in all investigated
worm wheels. This coincides with the initial contact position prior to the running-in
process. As pitting develops, it spreads towards the bottom and middle of the flank.

e The maximum measured pitting depth was 0.55 mm. Paired with the amount of wear of
0.06 mm, total material loss was 0.61 mm. Based on these findings, the largest tooth
thickness reduction is a product of pitting damage, not wear. Tooth thickness reduction
due to pitting is not considered in wear and pitting load capacity calculations according
to standard [3].

e Besides deviations, pitting was largely influenced by the established contact pattern.
Generally, the larger the contact pattern, the less pitting damage was observed.

e Larger contact patterns resulted in a more even load and stress distribution and higher
contact ratio. Also, measured contact ratios were higher by approximately 20% from a
theoretical one.

e Based on FEM results, contact conditions in terms of stress and load distribution differ
significantly from theoretical ones. This implies that each worm pair establishes its
equilibrium state during the running-in process and that contact conditions tend to
change during the operation, primarily due to worm wheel wear (worm wheel 1).

e The effects of single pitch deviation and radial runout used to describe pitting on worm
wheels were in good agreement with obtained contact pressures by the FEM model. The
results obtained by the model can serve as good predictors for pitting formation.

e Worm wheel wear was uneven across the flank. Wear on the leaving side of the flank
was 63% up to 170% higher than the wear in the middle of the flank. This finding
contradicts the assumption of even worm wheel wear assumed by the standard [3].
Regarding deviations, radial runout showed a positive correlation with increased wear.
No reliable correlation could be found between wear and pitting, thus the mutual

influence of these two damage mechanisms remains to be explored.

Based on the results and conclusions presented, it can be concluded that the first hypothesis is

confirmed.

Hypothesis 1:
By analyzing worm wheel dimensional accuracy and its influence on load and stress
distribution, it is possible to define worm wheel tooth flank pitting initial location and

pitting formation more accurately.
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Besides investigating the influence of dimensional accuracy on pitting formation and
development, the other aim of this thesis was to improve lubrication conditions in worm pairs.
Firstly, model testing was carried out to validate electropolishing as a viable surface texturing
method. Then, electropolishing was applied in worm pairs by electropolishing steel worms.
According to the obtained results of model testing and worm pair test runs, the impact of

electropolished surface can be summarized by the following conclusions:

e Surface texture through electropolishing at elevated potentials (higher current densities)
can successfully be applied on case-carburized 16MnCr5 steel.

e Electropolished steel surface was modified in two ways: by creating surface texture in
the form of surface pits and dimples and by generating a surface coating in the form of
an oxide surface layer

e In comparison to conventional ground steel-bronze pair, electropolished steel reduced
friction by 25% and 30% in the boundary and mixed lubrication regimes defined by
A=0.76 upto 1 =2.48. In the boundary lubrication regime defined by 1 < 0.5 an increase

in the coefficient of friction should be expected.

e The application of electropolished worms improved overall efficiency in worm pairs.

Worm pairs 2 (EP) and 3 (EP) had an average efficiency of 85.8% and 90.1% compared
to 84.9% in worm pair 1.

e Surface topography of the electropolished worm characterized by larger and shallower
pits resulted in the highest overall efficiency. Also, it resulted in faster and improved
running-in that led to the establishment of a full contact pattern in worm pair 3.

e Surface texturing can modify the worm surface to provide improved or additional
lubrication that reliably supports full contact pattern in worm pairs. On the other hand,
the operation of conventional worm pairs under full contact pattern was unsustainable
due to inadequate lubrication conditions that lead to lubrication breakdown and scuffing
in worm pair 6.

e Minimal to no wear occurred on the electropolished worm surface as surface parameters
remained relatively unchanged before and after the test. This can be attributed to the
steel-bronze material pair that prolongs the durability of surface modifications produced

on steel worm as most wear occurs on a bronze wheel.

Based on the presented results of improved efficiency and running-in, it can be concluded that
surface texturing presents a reliable path toward improving lubrication conditions in worm

pairs. Therefore, the second hypothesis is confirmed.
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Hypothesis 2:
By employing surface texturing on a worm or worm wheel tooth flank, it is possible to

improve worm pair lubrication conditions.

10.1 Research limitations

The research limitations can be summarized into four points. Firstly, due to the smaller
sample size of investigated worm pairs, the generalized pitting model for predicting pitting
could not be developed. This was mainly due to specific differences in deviations, their
distribution, and different worm wheel materials employed. With a larger dataset, this limitation

could be easily addressed.

Secondly, the developed FEM model can be used as a good approximation of real working
conditions. However, it has certain drawbacks. The geometry of the worm pair is partially
altered due to the anti-reflection coating applied by spraying to make the scanned part opaque.
Also, the process of converting the scans into CAD models resulted in slight deviations of
underlying geometry. Furthermore, the mesh in the contact zone should be denser to obtain
more accurate results. In this thesis, a compromise had to be made between a number of finite

elements and needed computational resources due to the size and complexity of the model.

Thirdly, this research deals with worm pair geometry “as manufactured” and geometry obtained
at the end of test runs. In between these two distinct cases, there is a running-in process that
largely alters worm wheel geometry. As 3D optical scanning of worm pairs was not conducted
after running-in due to possible reassembly errors (mainly in the form of worm wheel axial
positioning), the important geometry information of worm pairs is lacking. By including worm
pair geometry after running-in, it would be possible to associate deviations with the running-in
process and better understand wear behavior and load distribution in worm pairs. Also, it would
help interpret pitting formation as contact pressures can be remarkably high during running-in,
and there is reasonable doubt that some pitting subsurface cracks are initiated as early as in the

running-in process.

Lastly, although worm pair geometry was analyzed through 3D optical scans, the underlying
causes of some deviations and their distribution can only be obtained by knowing
manufacturing process parameters. Information like hob oversize, hob cutting angle, or grinding
wheel geometry would contribute to a better understanding of worm pair deviations. These

parameters should be considered in future research.
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10.2 Scientific contributions

Scientific contributions of the research conducted in the scope of this thesis:

e Pitting models were developed to predict pitting percentage on worm wheel tooth
flanks. The models consider the number of load cycles and dimensional accuracy of the
worm pair.

e Certain deviations that have greater effects on pitting formation are highlighted.
Therefore, these deviations should be more carefully inspected or considered during the
manufacturing of worm pairs.

e The coefficient of friction in the steel-bronze material pair was reduced by creating
surface texture on case-carburized 16MnCr5 steel. The texture was produced via
electropolishing at higher current densities. By applying electropolishing on 16MnCr5
steel worms, higher efficiency was achieved in 16MnCr5-CuSn12 worm pairs.

e FEM model was developed based on real worm pair geometry acquired through 3D
optical scanning. The model accounts for worm pair rotation, deflection of the worm,
and housing deviations. It enables the representation of real contact patterns and load

and stress distribution in worm pairs.

10.3 Outlook and future work

While future work should address the research limitations outlined in the previous
section, there are also some prominent directions for future research on pitting formation and

the application of electropolishing as a surface texturing method.

This research again outlined the complex nature of the running-in process in worm pairs. As
mentioned earlier in this thesis, by scanning the worm pair after the running-in process (before
the test run), the obtained scans could provide valuable information on how each worm wheel
flanks adapts and how change in geometry after running-in can be associated with pitting
formation. However, the prerequisite for such an approach is to develop a method for ensuring
an established worm pair’s exact position in the gearbox at the end of the running-in process.
A minor change in the axial position of the worm wheel (e.g. 50 um) drastically changes the

contact pattern and promotes a new partial running-in process.

The presented pitting models can be used for predicting pitting on each individual worm wheel
flank. As the models were developed for each of the investigated worm wheels, the natural
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continuation of the research should be directed towards conducting more worm pair test runs to

develop a general model for the presented worm pair geometry and steel-bronze material pair.

As there is still a portion of unexplained variance in pitting models, it would be interesting to
investigate additional research areas to explain uneven pitting formation. One such area should
be the quality of cast material, with a primary focus on the near-surface microporosity of each
flank. Another direction could be studying vibrations in the system and how the system

response changes with the development of pitting.

The presented research can be considered preliminary research of surface texturing case-
carburized 16MnCr5 steel by electropolishing. The potential of electropolishing has not been
fully explored, nor has the process been optimized. Different surface textures could be obtained
and studied by varying electropolishing parameters, mainly current density and time, to lower

friction or reduce wear.
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Appendix table 1. Pitting (%) on flanks of worm wheel 1

Elank No. Load cycles Ny, -10°

0.087 0.31 0.48 0.65 0.86 1.08 1.30 151 1.73 2.0
1 0.02 0 0.06 0.1 0.53 1.18 3.26 4.4 5.02 6.27
2 0.04 0.01 0.03 0.08 0.17 0.27 0.44 0.88 1.93 2.32
3 0.02 0.01 0.03 0.16 0.66 2.73 3.24 3.55 3.94 5.06
4 0.02 0.01 0.25 0.56 1.97 2.06 2.79 451 4.82 5.42
5 0 0.01 0.6 1.48 3.48 4,71 6.12 6.79 7.85 8.26
6 0 0 0.02 0.17 0.3 0.74 2.61 3.97 5.07 6.37
7 0.04 0.1 0.25 1.83 3.43 5.28 5.89 6.79 7.66 9.21
8 0.01 0 0.21 0.2 0.5 1.32 1.73 1.98 2.6 3.13
9 0 0.02 0.06 0.26 3 51 6.53 7.08 8.43 9.34
10 0 0.01 0.06 0.11 0.95 1.62 2.75 3.11 3.59 4,01
11 0 0.25 1.24 3.9 5.38 6.44 7.44 8.36 9.81 11.42
12 0 0.06 0.25 0.3 0.53 0.7 1.16 1.79 243 3.2
13 0.04 0.03 0.99 147 3.36 4.67 5.01 5.64 5.95 6.96
14 0 0 0.07 0.14 0.74 1.21 1.72 2.2 2.64 3.1
15 0 0.01 0.06 0.16 1.9 4.36 5.52 5.89 7.03 7.35
16 0 0 0.03 0.08 1 1 1.27 191 243 3.35
17 0 0.04 0.53 2.78 3.92 4.6 5.89 6.24 7.38 8.74
18 0 0.01 0.06 0.09 0.36 0.7 0.87 1.13 197 2.38
19 0 0 0 0.74 2.78 4.03 5.48 6.55 7.81 9.18
20 0.03 0 0.02 0.1 0.17 0.39 1.29 1.53 2.63 3.14
21 0 0.05 0.06 117 2.96 3.69 4.28 531 6.98 7.68
22 0.01 1.72 1.67 1.6 1.8 2.2 3.1 3.6 4.28 4.44
23 0.1 0.08 11 2.44 4.08 4.65 5.33 5.82 6.46 7.06
24 0 0 0.15 0.15 0.19 0.33 0.44 0.76 1.19 1.47
25 0.07 0.06 0.37 0.4 0.9 3.7 4,72 53 6.68 7.5
26 0.09 0.07 0.07 0.15 0.2 0.41 05 0.92 2.06 2.09
27 0.02 0.09 0.1 0.63 2.57 4.57 6 7.7 7.02 7.31
28 0.02 0.01 0 0.76 0.84 0.82 0.99 1.24 14 1.67
29 0.01 0 0 1.07 3.02 4.25 4.56 5.67 6.24 7.38
30 0 0.08 0.16 0.29 0.37 0.45 0.59 0.67 0.94 1.18
31 0.04 0.01 0.39 1.36 1.56 3.23 4.86 6.82 7.5 7.99
32 0.09 0.06 0.14 0.39 0.54 0.66 0.8 1.35 1.67 2.24
33 0.22 0.12 0.17 0.45 2.8 4.55 4.97 5.25 5.94 6.47
34 0.16 0.04 0.08 0.19 0.25 0.56 1.43 1.76 2.23 2.88
35 0.07 0.02 0.13 0.77 2.55 3.67 4.66 7.05 7.65 7.94
36 0.01 0 0.17 0.21 0.31 0.63 1.14 1.41 1.74 2.86
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Appendix table 2. Worm wheel 1 - deviations

Flank No. Deviation, mm
fo2 fuz Foo Fr Faxe

1 -0.031 0.049 0.093 -0.107 0.011
2 0.02 0.051 0.0789 -0.122 0.017
3 -0.025 0.045 0.1093 -0.129 0.022
4 0.023 0.048 0.0799 -0.126 0.027
5 -0.009 0.032 0.0989 -0.119 0.031
6 0.026 0.035 0.0918 -0.121 0.034
7 -0.034 0.06 0.1057 -0.15 0.036
8 0.018 0.052 0.0711 -0.155 0.037
9 -0.024 0.042 0.0848 -0.181 0.037
10 0.031 0.055 0.0525 -0.177 0.035
11 -0.012 0.043 0.0936 -0.161 0.033
12 0.023 0.035 0.0786 -0.17 0.03

13 -0.012 0.035 0.0832 -0.184 0.025
14 0.019 0.031 0.0602 -0.191 0.02

15 -0.015 0.034 0.0904 -0.196 0.015
16 0.021 0.036 0.0589 -0.194 0.009
17 -0.004 0.025 0.0687 -0.179 0.002
18 0.023 0.027 0.0761 -0.174 -0.004
19 -0.019 0.042 0.1038 -0.176 -0.011
20 0.028 0.047 0.0544 -0.161 -0.017
21 -0.017 0.045 0.1067 -0.156 -0.022
22 0.029 0.046 0.0584 -0.14 -0.027
23 -0.033 0.062 0.1035 -0.139 -0.031
24 0.014 0.047 0.0576 -0.139 -0.034
25 -0.01 0.024 0.0592 -0.123 -0.036
26 0.006 0.016 0.0627 -0.133 -0.037
27 -0.013 0.019 0.0802 -0.097 -0.037
28 0.017 0.03 0.0331 -0.089 -0.035
29 -0.025 0.042 0.0779 -0.091 -0.033
30 0.01 0.035 0.0709 -0.098 -0.03
31 -0.015 0.025 0.0718 -0.087 -0.025
32 0.01 0.025 0.14 0.39 0.54
33 -0.019 0.029 0.17 0.45 2.8

34 0.008 0.027 0.08 0.19 0.25
35 -0.027 0.035 0.13 0.77 2.55
36 0.018 0.045 0.17 0.21 0.31
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Appendix table 3. Pitting (%) on flanks of worm wheel 1

Flank Load cycles Ny, -108
No. 0.08 0.31 0.41 0.51 0.62 0.85 1.08 1.25 1.46 1.69 2.01
1 0 0.09 1.28 2.28 3.28 9.13 9.5 9.98 10.22 | 10.74 | 15.08
2 0 0.04 0.41 1.28 2.77 3.87 4.43 5.38 6.09 7.05 11.59
3 0 0.02 0.16 1.06 2.65 3.63 6.6 6.64 8.09 9.91 12.53
4 0.01 0.07 0.29 1.82 2.02 2.54 4.4 4,76 5.55 5.86 8.13
5 0 0.05 0.26 1.47 2.35 3.3 6.33 7.69 8.26 9.28 11.85
6 0.05 0.04 0.13 1.49 1.89 2.12 2.52 291 3.82 5.15 6.85
7 0.05 0.03 0.17 0.84 1.3 3.75 6.45 1.27 7.9 8.65 10.94
8 0 0.01 0.86 1 2.2 3.06 4.38 5.18 5.28 5.37 7
9 0.02 0.05 0.23 0.52 0.91 2.67 5.89 6.03 7.66 8.13 8.75
10 0 0.01 0.1 0.23 0.39 0.92 2.95 3.72 3.93 4.19 5.4
11 0.03 0.04 0.31 1.43 2.14 3.48 6.47 7.42 8.82 9.2 11.19
12 0 0.02 0.07 0.49 2 3.61 4.52 4.83 5.14 5.28 5.95
13 0 0.01 0.05 0.6 1.58 4,57 6.83 8.14 8.56 8.85 | 10.21
14 0.06 0.07 0.07 0.2 0.65 2.77 3.84 4.46 4.84 5.07 6.86
15 0.03 0.04 0.32 14 2.27 2.69 6.45 6.69 7.1 7.65 8.23
16 0.03 0.02 0.08 0.4 0.69 1.84 247 291 3.48 4.65 5.98
17 0.01 0.03 0.13 0.35 1.66 2.82 5.22 6.28 7.51 7.83 9.91
18 0.01 0.03 0.06 0.26 1.98 2.01 3.26 3.64 4.14 4.5 5.43
19 0.01 0.06 0.23 0.48 1.63 2.76 4.08 5.2 6.56 7.38 | 10.01
20 0 0.03 0.25 0.6 17 4.14 4,74 5.27 5.4 5.58 6.77
21 0 0.04 0.42 1.37 2.13 3.11 4.98 6.86 7.74 8.37 11.11
22 0 0.15 0.26 1.21 2.13 2.53 4.02 4.28 5.21 6.74 | 12.46
23 0 0.03 0.13 1.33 5.1 6 6.93 9.35 10.92 | 11.65 | 12.49
24 0.03 0.04 0.17 0.76 1.79 3.05 4.82 5.05 6.17 7.37 8.33
25 0 0.04 0.14 0.33 0.61 3.79 5.45 5.88 6.6 8.74 | 11.17
26 0 0.15 0.27 1.05 1.34 2.56 3.27 3.69 3.95 4,32 7.52
27 0.03 0.04 1.35 2.54 3.19 5.04 9.31 10.26 | 10.23 | 10.65 14.2
28 0 0.07 0.2 0.34 1.42 2.26 3.89 4.69 4.99 6.04 7.96
29 0 0.07 0.37 251 3.25 4.03 6.07 6.79 7.48 8.6 11.12
30 0 0.06 0.7 1.38 1.83 2.78 3.74 4.27 5.39 6.92 8.09
31 0 0.56 1.78 2.25 4.02 5.41 6.04 6.71 7.34 7.73 8.66
32 0.02 1.47 1.52 2.13 2.93 3.78 4.49 5.36 5.99 7.28 9.33
33 0 0.16 1.17 2.21 411 4,73 7.57 8.15 8.76 9.58 10.9
34 0 0.03 0.11 0.57 2.69 3.12 4.09 5.38 5.76 6.54 9.55
35 0 0.28 0.86 2.84 451 5.73 6.43 7.38 | 10.63 | 11.9 17.9
36 0 0.09 0.48 0.87 1.77 2.85 4.36 5.19 6.68 8.38 | 12.16
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Appendix table 4. Worm wheel 2 - deviations

Flank No. Deviation, mm
fo2 fuz Foo Fr Faxe
1 0.024 0.042 0.0785 -0.139 -0.012
2 -0.013 0.037 0.1115 -0.134 -0.013
3 0.028 0.041 0.0859 -0.123 -0.014
4 0 0.028 0.1035 -0.081 -0.014
5 0.026 0.026 0.0933 -0.087 -0.014
6 -0.028 0.054 0.0813 -0.103 -0.013
7 0.02 0.048 0.082 -0.083 -0.012
8 -0.021 0.041 0.126 -0.077 -0.011
9 0.038 0.059 0.1162 -0.058 -0.009
10 -0.033 0.071 0.1365 -0.026 -0.007
11 0.023 0.056 0.1275 -0.05 -0.005
12 -0.044 0.067 0.1123 -0.063 -0.003
13 0.005 0.049 0.1008 -0.056 -0.001
14 -0.029 0.034 0.093 -0.074 0.002
15 0.016 0.045 0.0747 -0.089 0.004
16 -0.028 0.044 0.0962 -0.079 0.006
17 0.016 0.044 0.0792 -0.059 0.009
18 -0.023 0.039 0.0939 -0.08 0.01
19 0.006 0.029 0.073 -0.083 0.012
20 -0.028 0.034 0.0856 -0.086 0.013
21 0.018 0.046 0.0565 -0.103 0.014
22 -0.007 0.025 0.0638 -0.092 0.014
23 0.006 0.013 0.0777 -0.114 0.014
24 -0.014 0.02 0.0777 -0.118 0.013
25 0.005 0.019 0.0673 -0.141 0.012
26 -0.011 0.016 0.1032 -0.146 0.011
27 0.039 0.05 0.0785 -0.121 0.009
28 -0.005 0.044 0.1008 -0.1 0.007
29 0.011 0.016 0.0942 -0.133 0.005
30 -0.021 0.032 0.1215 -0.152 0.003
31 0.019 0.04 0.066 -0.163 0.001
32 -0.016 0.035 0.1023 -0.152 -0.002
33 0.033 0.049 0.0595 -0.124 -0.004
34 -0.006 0.039 0.0841 -0.142 -0.006
35 0.013 0.019 0.0665 -0.16 -0.009
36 -0.018 0.031 0.1002 -0.155 -0.01
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Appendix table 5. Pitting (%) on flanks of worm wheel 3

Elank No. Load cycles Ny, -10°

0.19 0.42 0.64 0.81 1.02 1.21 1.44 1.59 1.80 2.0
1 0.05 0.08 0.12 0.17 0.17 0.3 0.34 0.38 0.53 1.25
2 0.01 0.05 0.04 0.04 0.08 0.1 0.17 0.22 0.31 0.89
3 0.01 0.02 0.09 0.12 0.11 0.15 0.26 0.26 0.38 1.02
4 0 0.02 0.07 0.21 0.22 0.16 0.25 0.32 0.4 0.61
5 0.01 0.02 0.06 0.11 0.17 0.2 0.26 0.39 0.44 0.92
6 0 0.09 0.09 0.07 0.1 0.08 0.14 0.21 0.37 0.91
7 0.01 0.04 0.1 0.11 0.16 0.25 0.3 0.42 0.59 1.2
8 0 0.01 0.03 0.04 0.08 0.21 0.24 0.43 0.54 1.01
9 0.03 0.05 0.11 0.1 0.1 0.18 0.2 0.3 0.49 1.19
10 0 0.01 0.05 0.04 0.06 0.11 0.15 0.15 0.29 0.69
11 0.01 0.04 0.03 0.05 0.06 0.22 0.24 0.44 0.59 1.35
12 0 0.06 0.07 0.15 0.08 0.13 0.23 0.33 0.55 1.15
13 0.01 0.02 0.08 0.11 0.15 0.3 0.62 0.62 0.85 1.67
14 0 0 0.03 0.05 0.05 0.15 0.19 0.27 0.59 1.07
15 0.01 0.02 0.12 0.13 0.22 0.28 0.33 0.43 0.96 1.69
16 0.01 0.01 0.1 0.1 0.08 0.17 0.26 0.44 0.6 1.22
17 0.01 0.01 0.08 0.11 0.12 0.35 0.42 0.48 0.76 1.63
18 0 0.05 0.11 0.16 0.16 0.11 0.27 0.37 0.54 1.06
19 0.03 0.04 0.09 0.15 0.19 0.42 0.57 0.5 0.72 1.57
20 0.02 0.02 0.08 0.08 0.1 0.19 0.19 0.31 0.45 0.99
21 0.02 0.01 0.09 0.12 0.11 0.28 0.28 0.41 0.75 1.61
22 0.01 0 0.08 0.1 0.1 0.19 0.11 0.19 0.27 0.6
23 0.02 0.04 0.07 0.09 0.1 0.33 0.26 0.37 0.58 14
24 0.01 0.02 0.07 0.1 0.1 0.15 0.21 0.28 0.47 1.03
25 0.02 0.06 0.22 0.24 0.24 0.37 04 0.47 0.78 1.55
26 0.02 0.01 0.08 0.08 0.09 0.14 0.18 0.36 0.46 0.76
27 0.01 0.02 0.04 0.08 0.07 0.11 0.24 0.34 0.49 1.16
28 0 0.01 0.05 0.05 0.08 0.12 0.12 0.23 0.37 1.12
29 0.03 0.03 0.04 0.05 0.05 0.09 0.23 0.27 0.56 1.21
30 0.01 0.05 0.07 0.14 0.1 0.14 0.2 0.27 0.52 1.16
31 0.02 0.03 0.09 0.09 0.09 0.15 0.15 0.24 0.4 1.33
32 0.01 0.01 0.03 0.04 0.05 0.07 0.13 0.19 0.28 0.74
33 0.01 0.03 0.04 0.13 0.13 0.16 0.25 0.3 0.53 1.54
34 0 0.01 0.03 0.05 0.03 0.07 0.1 0.11 0.23 0.69
35 0.03 0.03 0.09 0.09 0.19 0.19 0.32 0.39 0.55 1.28
36 0.01 0 0.01 0.02 0.03 0.04 0.11 0.14 0.28 0.71
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Appendix table 6. Worm wheel 3 - deviations

Flank No. Deviation, mm
fo2 fuz Foo Fr Faxe
1 0.015 0.045 0.08 -0.255 -0.037
2 -0.006 0.021 0.107 -0.24 -0.04
3 0.042 0.048 0.108 -0.217 -0.041
4 -0.012 0.054 0.1168 -0.212 -0.042
5 0.024 0.036 0.093 -0.219 -0.041
6 -0.017 0.041 0.1104 -0.218 -0.039
7 0.014 0.031 0.0945 -0.215 -0.036
8 -0.02 0.034 0.1235 -0.193 -0.031
9 0.048 0.068 0.1128 -0.143 -0.026
10 -0.008 0.056 0.1225 -0.118 -0.02
11 -0.012 0.02 0.1076 -0.129 -0.013
12 -0.03 0.042 0.1032 -0.148 -0.006
13 0.013 0.043 0.0935 -0.187 0.001
14 -0.021 0.034 0.1321 -0.176 0.008
15 0.004 0.025 0.0836 -0.193 0.015
16 -0.029 0.033 0.1145 -0.208 0.022
17 0.02 0.049 0.107 -0.205 0.028
18 -0.021 0.041 0.1269 -0.204 0.033
19 0.015 0.036 0.137 -0.198 0.037
20 -0.025 0.04 0.1537 -0.204 0.04
21 0.028 0.053 0.1425 -0.19 0.041
22 -0.015 0.043 0.1464 -0.18 0.042
23 0.017 0.032 0.1294 -0.184 0.041
24 -0.029 0.046 0.1803 -0.2 0.039
25 -0.005 0.034 0.0963 -0.231 0.036
26 -0.025 0.03 0.1054 -0.235 0.031
27 0.009 0.034 0.0818 -0.248 0.026
28 -0.024 0.033 0.113 -0.25 0.02
29 0.026 0.05 0.0713 -0.246 0.013
30 -0.018 0.044 0.1 -0.253 0.006
31 0.025 0.043 0.0694 -0.259 -0.001
32 0 0.025 0.1224 -0.237 -0.008
33 0.047 0.047 0.1188 -0.221 -0.015
34 -0.007 0.054 0.1266 -0.197 -0.022
35 0.005 0.012 0.1059 -0.208 -0.028
36 -0.03 0.035 0.1075 -0.237 -0.033
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Appendix table 7. Pitting (%) on flanks of worm wheel 4

Elank No. Load cycles Ny, -108

0.17 0.22 0.28 0.46 0.63 0.78 1.00
1 0.15 0.41 2.76 3.55 8.47 11.03 11.98
2 0.16 0.42 1.62 3.96 8.85 104 11.61
3 0.11 0.15 0.87 4.46 7.39 10.3 10.75
4 0.29 0.57 0.83 3.81 9.22 11.58 11.59
5 0.14 0.29 0.79 2.87 6.5 9.41 10.98
6 0.2 0.66 3.39 4,73 6.55 8.99 9.98
7 0.31 0.58 3.47 6.82 7.86 8.71 12.11
8 0.2 2.56 4.1 8.64 10.9 11.07 11.84
9 0.1 14 1.49 4.55 7 9.23 10.44
10 0.2 0.56 3.27 4.54 8.66 10.2 15.19
11 0.39 1.12 2.94 551 9.58 10 12.4
12 0.29 1.08 2.86 7.38 11.05 11.95 14.16
13 0.42 191 4.98 8.65 11.43 12.32 14.8
14 0.95 1.08 2.65 8.02 9.87 13.92 21.31
15 0.23 2.06 4.35 7.58 15.39 16.2 16.4
16 0.5 1.29 6.73 7.77 10.42 10.82 15.04
17 0.15 0.9 6.14 8.17 9.59 9.7 11.67
18 0.31 0.74 281 5.24 5.54 9.43 10.81
19 0.69 0.83 1.14 7.31 8.12 11.03 14.16
20 0.36 0.75 7.48 7.9 11.73 12.13 13.13
21 0.2 0.78 211 6.38 6.69 8.35 10.09
22 0.67 1.12 1.8 4.36 7.15 9.62 12.66
23 0.17 0.43 3.01 6.11 8.48 11.4 14.23
24 1.29 1.1 2.05 4,78 6.02 8.13 10.47
25 0.33 0.57 1.69 7.21 7.98 10.02 12.13
26 0.32 1.65 2.31 9.51 11.93 12.03 13.99
27 0.07 0.05 0.54 6.06 8 9.54 14.21
28 0.06 0.32 2.28 3.1 8.32 8.61 10.9
29 0.84 0.86 3.55 4.93 7.23 10.06 11.73
30 0.19 1 2.02 5.6 6.59 7.23 8.31
31 0.02 0.08 0.64 2.69 7.61 11.02 11.97
32 0.45 1.2 1.07 4.49 6.44 7.14 10.31
33 0.07 0.17 0.58 3.42 4.1 8.12 9.4
34 0.28 0.67 4.87 7.09 8.49 9.99 10.63
35 0.1 0.42 0.57 3.02 5.06 8.84 9.99
36 0.14 1.25 14 4.02 6.28 7.94 9.5
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Appendix table 8. Worm wheel 4 - deviations

Flank No. Deviation, mm

fo2 fuz Foo Fr Faxe
1 -0.014 0.025 0.0564 -0.16 0.042
2 -0.009 0.023 0.0658 -0.165 0.039
3 -0.013 0.022 0.0651 -0.148 0.034
4 0.011 0.024 0.0606 -0.135 0.029
5 -0.024 0.035 0.074 -0.17 0.022
6 -0.01 0.034 0.0569 -0.167 0.015
7 0 0.01 0.0533 -0.175 0.007
8 -0.005 0.005 0.0508 -0.228 -0.001
9 -0.016 0.021 0.0617 -0.222 -0.009
10 -0.009 0.025 0.0435 -0.22 -0.016
11 -0.012 0.021 0.0724 -0.197 -0.023
12 -0.002 0.014 0.0359 -0.24 -0.03
13 -0.005 0.007 0.0698 -0.228 -0.035
14 0.004 0.009 0.0506 -0.239 -0.04
15 -0.009 0.013 0.0654 -0.225 -0.043
16 0.024 0.033 0.0509 -0.259 -0.045
17 -0.016 0.04 0.0444 -0.261 -0.045
18 0.009 0.025 0.0531 -0.237 -0.045
19 0.014 0.023 0.0647 -0.233 -0.042
20 0.002 0.016 0.0585 -0.281 -0.039
21 0.015 0.017 0.0614 -0.257 -0.034
22 -0.004 0.019 0.0682 -0.234 -0.029
23 0.018 0.022 0.0633 -0.214 -0.022
24 0.013 0.031 0.0384 -0.243 -0.015
25 -0.008 0.021 0.0592 -0.223 -0.007
26 0.008 0.016 0.0679 -0.204 0.001
27 0.013 0.021 0.0605 -0.197 0.009
28 0.014 0.027 0.0514 -0.205 0.016
29 -0.003 0.017 0.0632 -0.2 0.023
30 -0.008 0.011 0.061 -0.179 0.03
31 0.005 0.013 0.0458 -0.186 0.035
32 0.019 0.024 0.0549 -0.184 0.04
33 -0.026 0.045 0.0721 -0.182 0.043
34 0.011 0.037 0.0426 -0.153 0.045
35 -0.003 0.014 0.0612 -0.127 0.045
36 0.011 0.014 0.0547 -0.161 0.045
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