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Abstract

Abstract

In order to meet the goal of reducing CO, emissions, automotive industry places signifi-
cant importance on downsizing components to achieve greater efficiency through lower weight
and reduced friction. As friction reductions are associated with energy efficiency and wear pro-
tection with resource conservation, ever greater attention has been given to adamantine car-
bon-based coatings and high-alloyed steels. Such applications are, however, associated with
high production costs and energy expenditures, as well as many technical difficulties. Therefore
a key issue in meeting the goals of friction reduction, wear protection and development of com-
prehensive lightweight strategies is whether or not the functional profiles of state-of-the art al-
loys can be enhanced by affordable solutions.

The running-in phase of mechanical systems is inevitable and, from a tribological stand-
point, critical for the lifetime of such systems, though receives little attention and is poorly un-
derstood. The growth of micro-cracks accelerates premature material failure and wear during
this phase of heightened friction. With this in mind, the ultimate goal of this current work is to
transfer the running-in phase into the final step of the mechanical finishing process through the
targeted pre-conditioning of novel, high toughness steel bearings without thermo-chemical
treatments and compare these to conventional, case-hardened steels. Two mechanisms were
investigated:

a. Cold work hardening and
b. Chemical tribofilm formation.

Steels that showed a tendency toward work hardening and tribofilm formation in previ-
ous testing were chosen for this investigation. Thorough characterization of the chosen steels
was carried out before any pre-conditioning techniques were applied. The widely used
20MnCr5, seen as a reference gear steel, underwent case-hardening and subsequent deep
freezing treatments in an attempt to yield discrete sample groups with respect to residual aus-
tenite. This allowed for a more thorough investigation into the effects of residual austenite on
the properties of this material. The high-performance alternative steels, 36NiCrMoV1-5-7 (hot
working steel) and 45SiCrMo6 (spring steel), were heat treated as recommended by their re-
spective manufacturers, and were not case-hardened. The selection of materials with and ma-
terials without case-hardening allows for an investigation into whether or not case-hardening is
even necessary to deliver acceptable friction behaviour and wear performance. Elemental
analyses were conducted by multiple methods to ensure accurate results. Residual austenite
contents of the steels and the depth profiles of residual stresses were determined by X-Ray
diffraction (XRD), for 20MnCr5 ranging from approximately 6 — 14 vol.%, and under 2 vol.% for
the alternative alloys. Hardness profiles were taken from the testing surfaces into the material
core. The carburization of 20MnCr5 led to higher hardness and the greater concentration of
carbon in the carburization zone more representative of a hardened SAE E52100, or
100Cr6/102Cr6, than of a non-case-hardened 20MnCr5. Residual stresses from machining and
case-hardening were measured directly at the sample surface. The high-performance steels
fulfilled manufacturer expectations in terms of elemental content, with hardness values between
50 — 55 HRC and strongly martensitic microstructure character. With characterization of the
chosen materials complete, the materials could then be subjected to pre-conditioning.

The first pre-conditioning method involved targeted generation of cold work hardening
as induced boundary layers to protect the contact zone against wear. Work hardening was
identified both by variations in residual stress profiles, i.e. the introduction of beneficial com-
pressive residual stresses, and hardness increases in the contact zone, providing enhanced
wear resistance. Parameters for work hardening were further optimized to reduce damage to
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Abstract

the surface substrates of the treated materials. The second pre-conditioning method involved
the targeted generation of chemically reactive tribolayers (tribofilms) on twin disk testing rigs.
The lubrication strategies were based on:

a. CaCOg;, which is predominant in engine oils, and
b. MoDTC, which is commonly used in engine and gear oils.

The films generated in pre-conditioning were analyzed by SEM-EDX with Element-Mapping,
Raman spectroscopy, and XPS to elucidate their molecular composition and concentration on
the sample surfaces. The combination of these methods of analysis gave a clear indication that
10* cycles were sufficient to generate stable and lasting tribofims. CaO and CaCOj; were the
main components of the tribofilm from the first lubricant package, while MoS,, MoO, and MoO;
were the main components from the second lubricant package.

Finally, slip-rolling endurance testing (T = +120 °C, 10 cycles, approximately 19 days in
a factory fill engine oil) was carried out on all materials. It was shown that both pre-conditioning
methods could achieve significant reductions in friction and wear during testing at up to and
including Pomean =1.94 GPa (Pomax = 2.91 GPa, Fy = 2,000 N). Ultimately, this research showed
that:

1. non-case-hardened high-performance steels offer competitive wear performance and
better friction behaviour than the case-hardened 20MnCr5.

2. pre-conditioning led to COF reductions to under 7/10 and wear coefficient reductions to
an astonishing 1/10 of the original values for the untreated steels under mixed/boundary
lubrication.

3. the observed improvements to friction behaviour and wear performance are indicative of
a technically simple, cost- and energy-efficient pre-conditioning strategy that may prove
an appropriate substitute for existing thermochemical treatments for steel alloys.
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20MnCr5 (14% RA), without pre-conditioning, in
slip-rolling endurance test at Py,..,= 1.5 GPa

Abstract

Reduction of running-in via
reactive film generation as
pre-conditioning during
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tribofilm from metal-organic additives, in slip-rolling
endurance testing at Pyy;.,, = 1.5 GPa*

*Additives used to generate tribofilm
NOT present in endurance test lubricant
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n-number of load cycles

Ultimate goal of accelerated running-in with one “best of” example from actual slip-rolling endurance
testing at Poyean = 1.5 GPa (Powax = 2.25 GPa, Fy = 930 N) and T = +120 °C in BMW FF SAE 0W-30
VP1, ACEA A3/B4, with dynamic viscosity at +120 °C = 5.33 mPa-s.
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Zusammenfassung

Zusammenfassung

Die Automobilindustrie legt im Hinblick auf das Ziel der CO,-Emissionsreduktionen viel
Wert auf die Erhéhung des Wirkungsgrades von mechanischen Komponenten durch Leichtbau.
Eine Reduzierung der Reibung wirkt sich direkt auf die Energieeffizienz aus, wahrenddessen
eine Verschleilminderung zu Materialeinsparungen fuhrt. Aus diesen Grunden geniel3en dia-
mantartige, kohlenstoffbasierte Beschichtungen und hochlegierten Stahle derzeit groRe Auf-
merksamkeit. Deren Herstellung ist allerdings sowohl mit einem hohen Energie- und Kosten-
aufwand verbunden, als auch technisch sehr anspruchsvoll. Zur Erreichung der Ziele der Rei-
bungsminderung, des Verschlei3schutzes und der Entwicklung umfassender Leichtbaustrate-
gien ist es daher von grof3er Bedeutung, ob sich das Leistungsprofil neuartiger Legierungen
durch kostenglnstigere Lésungen verbessern lasst.

Obwohl der mechanische Einlauf aus tribologischer Sicht entscheidend fir die Lebens-
dauer mechanischer Systeme ist, geniel3t er wenig Aufmerksamkeit und ist bis heute nur be-
grenzt verstanden. So kann die Ausbreitung von Mikrorissen wéhrend dieser Phase der erh6h-
ten Reibung zum vorzeitigen Materialversagen fiihren. In diesem Sinne war es das oberste Ziel
dieser Forschungsarbeit, den Einlauf in die mechanische Endbearbeitung vorzuverlegen. Neu-
artige Stahle wurden dabei ohne kostenintensive, thermochemische Behandlungen gezielt vor-
konditioniert und ihre so verbesserten Eigenschaften mit denen von gangigen Einsatzstéahlen
verglichen. Zu den untersuchten Vorkonditionierungsmechanismen gehéren die Erzeugung
von:

a. Kaltverfestigungen und
b. chemischen Tribofilmen.

Stahle, die in Vorversuchen eine Zuneigung zur Kaltverfestigung und Tribofilmentste-
hung, wurden fir diese Forschungsarbeit ausgewdahlt. Die ausgewdahlten Stahle wurden vor
jeglicher Vorkonditionierung einer grindlichen, metallurgischen Charakterisierung unterzogen.
Der Referenzgetriebestahl 20MnCr5 wurde einsatzgehartet und in getrennten Gruppen bei ver-
schiedenen Temperaturen tiefgekuhlt, um Proben in verschiedenen Nuancen des
Restaustenitgehaltes zu erhalten. Damit lieR sich der Einfluss des Restaustenits auf die Mate-
rialeigenschaften genauer untersuchen. Die Hochleistungsstahle, 36NiCrMoV1-5-7 (Warmar-
beitsstahl) und 45SiCrMo6 (Federstahl), wurden nach den Vorschriften der jeweiligen Hersteller
warmebehandelt, und wurden nicht einsatzgehartet. Die Auswahl an Stéhlen, mit und ohne
Einsatzhartung, lasst eine Untersuchung dartiber zu, ob eine Einsatzhartung tberhaupt not-
wendig ist, um gutes Reibungs- und VerschleilRverhalten zu erzielen. Elementanalysen wurden
mittels mehrerer Methoden zur Gewéhrleistung der bestmdglichen Genauigkeit der Ergebnisse
durchgefuhrt. Die Restaustenitgehalte der Stédhle und Eigenspannungstiefenprofile wurden an
einem Rontgendiffraktometer ermittelt. Die Restaustenitgehalte des 20MnCr5 lagen zwischen 6
— 14 Vol.-% und die Restaustenitgehalte der Alternativstahle lagen unter 2 Vol.-%. Hartetiefen-
profile wurden auch ermittelt. Die Aufkohlung des 20MnCr5 fiihrte zu einer Steigerung der Har-
te und der Kohlenstoffkonzentration im Randbereich, sodass dieser Bereich des Stahls eher
einem geharteten SAE 52100, oder 100Cr6/102Cr6, als einem nicht einsatzgehértetem
20MnCr5 entsprach. Eigenspannungen, die durch die mechanische Endbearbeitung entstan-
den, wurden direkt unter der Oberflache detektiert. Die Hochleistungsstahle erfillten mit Harte-
werten zwischen 50 — 55 HRC und ihrem ausgepragt martensitischen Charakter die Hersteller-
vorgaben. Nach dem Abschluss der metallurgischen Charakterisierung wurden die Stéhle vor-
konditioniert.

Zur ersten Vorkonditionierungsmethode gehérte die Erzeugung gezielter Kaltverfesti-
gungen an Zweischeibenprifstanden in der Form von induzierten Grenzschichten, die die
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Zusammenfassung

Randschicht gegen Verschleild schitzen. Die Wirksamkeit dieser Vorkonditionierung wurde
anhand der Zunahme der vorteilhaften Druckeigenspannungen und der Steigerung der Ober-
flachenharte nachgewiesen. Beide Eigenschaften verleihen den Stahlen eine erhdhte Ver-
schleiBbestandigkeit. In einem weiteren Schritt wurden die Vorkonditionierungsparameter zur
Erzeugung von Kaltverfestigung optimiert, um die evtl. Deformierung der Substratoberflachen
abzumildern.

In einer alternativen, zweiten Vorkonditionierung wurden zwei verschiedene Schmier-
stoffkonzepte implementiert, um an den Zweischeibenprifstanden chemisch reaktive
Triboschichten (Tribofilme) zu generieren. Die Schmierstoffkonzepte basierten auf:

a. CaCOg, was uberwiegend in Motorendlen eingesetzt wird und
b. MoDTC, was haufig in Motoren- und Getriebedlen eingesetzt wird.

Die durch die Vorkonditionierung erzeugten Tribofilme wurden mittels REM-EDX mit Element-
Mapping, Raman-Spektroskopie und XPS analysiert, um ihre molekulare Zusammensetzung
und Oberflachenkonzentration zu ermitteln. Der Tribofilm aus dem ersten Schmiermittel be-
stand hauptsachlich aus CaO und CaCO; und der Tribofilm aus dem zweiten Schmiermittel
bestand hauptsachlich aus MoS,, MoO, und MoOs. Aus diesen Analysen wurde ersichtlich,
dass 10* Laufzyklen zur Generierung stabiler und bestandiger Tribofilme vollkommen ausrei-
chend sind.

AnschlieRend wurden alle Stahle in Dauerwélzversuchen (T = +120 °C, 10’ Zyklen, et-
wa 19 Tage in einem Erstbefiillungsmotorendl) in ihrem Reibungs- und Verschlei3verhalten
untersucht. Es wurde gezeigt, dass durch vorkonditionierte Kaltverfestigungen oder durch vor-
konditionierte Tribofilme die Reibung und der Verschleil? in Walzkontakten bei Dauerwalzen bis
Pomvean =1,94 GPa (Powax = 2,91 GPa, Fy = 2.000 N) signifikant erniedrigt werden kdnnen.Im
Endeffekt wurde in dieser Arbeit gezeigt, dass:

1. nicht einsatzgehéartete Hochleistungsstahle konkurrenzfahig zu dem einsatzgeharteten
20MnCr5 sind.

2. die Vorkonditionierungen zu einer Senkung des Reibungskoeffizienten bis auf 7/10 und
zu einer Senkung des VerschleiBkoeffizienten bis auf 1/10 der Koeffizienten der nicht
vorkonditionierten Stahle unter Misch-/Grenzreibungsbedingungen fuhrten.

3. die Verbesserungen des Reibungs- und Verschleil3verhaltens auf eine technisch einfa-
che, energie- und kosteneffiziente Vorkonditionierungsstrategie weisen, die noch beste-
hende thermochemische Behandlungen ersetzen konnte.
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20MnCr5 (14% RA) ohne Vorkonditionierung
im Dauerwiélzversuch bei Py, = 1,5 GPa

Zusammenfassung

Verkiirzung des spéateren Einlaufs durch
Filmbildung in Form einer kurzen
Vorkonditionierung wahrend der
UNVERMEIDLICHEN Endbearbeitung

f — Reibungszanhl

erzeugten chemisch reaktiven Tribofilm aus

pCIMean = 1*‘5 GPa*

20MnCr5 mit einem wéahrend einer Vorkonditionierung ‘

metallorganischen Additiven im Dauerwélzversuch bei | *additive zur Tribofilmerzeugung NICHT

vorhanden im Daverwiélzschmierstoff

y T
<104 106

-

n — Anzahl der Uberrollungen

Bildliche Darstellung des beschleunigten Einlaufs mit einem “best of” Beispiel aus den realen Dauer-
walzversuchen bei Pgyean = 1,5 GPa (Pomax = 2,25 GPa, Fy =930 N) und T = +120 °C in BMW FF SAE
0W-30 VP1, ACEA A3/B4, dynamische Viskositat bei +120 °C = 5,33 mPa:s.
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1. Introduction

1 Introduction

Currently, global reduction of emissions is a central focal point for automotive original
equipment manufacturers (OEMSs). This is both a consequence of strict governmental legal di-
rectives, particularly in the European Union [1] and, more recently, the United States [2], but
also to improve profit margins through the reduction of inefficiencies. It was reported by Leon-
hard that certain Japanese and European manufacturers have been able to reduce CO, emis-
sion to curb weight ratios of many of their vehicles to their respective legally required levels well
before 2015 [3]. These efforts will need to be intensified to meet the even more stringent re-
quirements for the coming years, such as the EU gCO,/km target of 95 by 2021 and the
US/Canadian gCO,/km target of 93 by 2025 (see Figure 1.1).
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[1] China's target reflects gasoline vehicles only. The target may be higher after new energy vehicles are considered.
[2] US standards GHG standards set by EPA, which 1s slightly different from fuel economy standards due to low-GWP refrigerant cradits.
[3] Gasoline In Brazil contains 22% of ethanol (E22), all data In the chart have been converted to gasoline (EOQQ) equivalent
[4] Supporting data can be found at: http://www.thelcct.org/info-tools/global-passenger-vehicle-standards.
Figure 1.1:LITERATURE: Comparison of global passenger vehicle emissions standards normalized to

NEDC gCO,/km [4].

Component downsizing in the powertrain is seen as a critically important approach in
the efforts to both improve power efficiency in and reduce CO, emissions from automobiles.
Weight reductions also represent an important contribution to material efficiency. Component
downsizing involves either achieving comparable torques with components of lighter weight or
achieving higher torques with components of comparable weight. Both cases result in in-
creases in Hertzian contact stresses and loads to the root of gear teeth. This means that new
strategies that do not lead to a deterioration in frictional profile, wear and fatigue life must be
implemented, preferably on an affordable and globally available basis. One such strategy in-
volves the application of thin film coatings such as diamond like carbon (DLC). It was demon-
strated by Scholz et al. that DLC coatings can be applied to novel steels to achieve significant
reductions in friction and wear [5]. Today, these coatings are widely used in automobile en-
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gines. Unfortunately, the application of DLC and related thin film coatings can be quite expen-
sive, energy intensive and technically complex. Furthermore, the temperatures at which these
coating processes are carried out, often between 300 — 400 °C, require metallurgies that have
a high enough annealing temperature so as to avoid any excessive material softening. Scholz
et al. also demonstrated that alternative and uncoated steels can significantly reduce the fric-
tion under mixed/boundary lubrication [6]. Unfortunately, some of those steels are highly al-
loyed and require demanding heat treatment cycles. Furthermore, alloys and alloying elements
displaying volatile stock exchange prices and subjected to embargo regulations have a limited
future in a globalized production concept.

Another important and partially related consideration in reduction of emissions is the
practice of “running-in.” Today’s automobile customer is often advised to avoid “stop-and-start”
driving and hard acceleration during the first 1000 kilometres of owning a new vehicle. This
remains an uncontrolled running-in, varying from customer to customer. The reason for this is
that new cars need to be “run in” properly, because piston rings and contacting cylinder sur-
faces have microscale roughness that yields greater friction and wear during initial operation
until the normal operational working roughness is reached. The mechanically contacting sur-
faces are grinded and smoothed down as a result of the heightened friction. Furthermore, an
increase in surface hardness and residual stresses, which have a significant influence on mate-
rial lifespan, can often be observed. The necessary friction-driven work during the running-in
period results in a significant expenditure of energy, which is related to one of the most press-
ing concerns of automobile manufacturers: lowering CO, emissions by the reduction of friction
related inefficiencies. Many automobile OEMs, particularly those involved in the production of
luxury automobiles, take it upon themselves to run in components before they reach their final
customer, negating the need for the customer to run in the engine themselves. Furthermore,
the running in of components can be achieved far more efficiently in a controlled production
facility setting than by every-day commuters on the road.

With the considerations of downsizing and running-in in mind, this work focuses on the
development of pre-conditioning methods that aim to transfer the running-in process into the
last steps of machining and finishing of the tribological surfaces in a controlled manner. To this
end, a two-fold strategy has been pursued, involving the generation of:

a. work hardening as induced boundary layers and
b. tribo-chemical protective layers, or simply, tribofilms.

Work hardening and tribofilm formation are recognized as among the most effective
mechanisms in reducing friction and wear in slip-rolling contacts, and are thoroughly repre-
sented in the literature. The novelty of this work is in the generation of such boundary layers
through pre-conditioning, rather than regular operation. For work hardening, this means the
introduction of beneficial compressive residual stresses and increase hardness that are main-
tained throughout slip-rolling endurance testing, i.e. normal operation. For chemical tribofilms,
this means only using targeted tribofilm-generating additives during pre-conditioning, and, ide-
ally, maintaining the generated tribofilms for as long as possible during endurance testing. Ad-
ditionally, all pre-conditioning is carried out on the same twin-disk rigs that are used for endur-
ance testing, further exemplifying the simplicity of the pre-conditioning process developed in
this research.

In order to evaluate the effectiveness of the developed pre-conditioning strategies, ap-
propriate materials need to be evaluated for comparison. Case-hardened 20MnCr5 (1.7147,
AISI 5120) is a well known gear steel that has found industrial applicability for many decades.
As a result of such widespread application, much standardization work has been done on the
material, and it is, therefore, seen as an appropriate choice as a reference steel in this work.
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The core fracture toughness of 20MnCr5 is known to be approximately Kc = 80 MPa-m*?, while
Kc = 22 MPa-m*? at the case-hardened surface. It is important to note that while case-
hardening is not necessarily a technically complex process, it is certainly an energy- and time-
intensive process, which is often associated with high costs and distortion of component ge-
ometry. Moreover, the effectiveness of downsizing components to improve energy efficiency is
reduced by the significant energy expenditure through case-hardening. Therefore it is worth-
while to find alternative steels that do not require carburization for good wear performance. Sur-
face hardness is still seen in DIN EN ISO 2639 and ISO 6336-5 as a key property for gears
[7,8]. The increase in strength and alloys with higher fracture toughnesses may enhance the
slip-rolling resistance under increased contact stresses that result from downsizing [9].

In this regard, the hot working tool steel 9966 Super C from Buderus (36NiCrMoV1-5-7)
and silicon alloyed spring steel V300 from Aubert & Duval (45SiCrMo6, 1.8062) were selected
for comparison to the reference gear steel. In spite of the fact that neither of these alternative
alloys are case-hardened, the intention is to show that they can show friction behaviour and
wear performance equal to, or better, than the case-hardened reference steel. 36NiCrMoV1-5-7
has an enhanced molybdenum content for high temperature strength, fracture toughness K¢ of
121 MPa-m*? and high nickel content that reduces tempering brittleness. This martensitic steel
has a very low residual austenite content of 1.6 + 0.3 vol.%. 45SiCrMo6 is enriched with extra
silicon to help encourage work hardening behaviour through strain hardening and has a high
annealing temperature. It too has a very low amount of residual austenite at 1.9 + 0.3 vol.% and
a high fracture toughness K¢ of 80 MPa-m*? [6].

All materials were characterized before any pre-conditioning was applied. This involved
determination of elemental and residual austenite content, and the state of residual stresses
and hardness variations in the material. Work hardened materials were evaluated by changes
to their hardness and residual stress profiles, while chemical tribofilms were detected by multi-
ple surface analysis techniques, including SEM-EDX, Raman Spectroscopy and XPS. The slip-
rolling endurance testing used to evaluate the chosen materials, as well as the effectiveness of
the pre-conditioning methods applied to them, has been carried out up to loads of Fy =5,000 N,
which yields contact pressures of over Povax = 4,200 MPa for the chosen spherical vs. cylindri-
cal contact geometry. For comparison, a load stage 12 in the FZG test rig is achieved at Pgyax
of 1,875 MPa, and is the most intense and relevant testing procedure currently given for gear
components. Lubrication was provided by the synthetic factory fill engine oil BMW SAE 0W-30
“VP1” (ACEA A3/B4, vix0-.c= 5.33 mPas, sulphated ash of 1.20 wt.-%.), selected for its tempera-
ture resistance, which was crucial as all endurance tests were run at +120 °C, typical condi-
tions for automobile engines. Friction and wear coefficients were determined for both untreated
and pre-conditioned materials to allow for performance comparisons, along with additional sur-
face and microstructural analysis.
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2 State of the Art
2.1 Review of Relevant Steels

The standardization of gear materials has sought to elucidate the most important me-
chanical properties that determine the performance of gear components. ISO 6336-5, for ex-
ample, describes allowable quantities of permissible material stress, but mentions only hard-
ness and strength as the essential selection criteria for gear steels in specific application sever-
ities [8]. The standard does caution that specific influences on permissible stresses such as
surface durability, lubrication effects, surface roughness and gear geometry need to be consid-
ered on a case by case basis when selecting appropriate gear steel, but fails to address some
extremely critical mechanical properties in detail. Fracture toughness is of particular impor-
tance, because this property determines the ability of a material to hinder the spread of cracks,
which can cause pitting failures. In the standard ISO 683-11 on wrought case-hardening steels,
only the notched bar impact strength is specified, rather than the fracture toughness [10]. Non-
metallic inclusions in steels can also influence the development of sub-surface cracks, so mate-
rial cleanliness is a related concern.

The aforementioned permissible material stresses have been quantified by 1SO 6336-5,
and are determined in accordance with three different material classes: ML (low quality), MQ
(medium quality) and ME (high quality), whereby the appropriate choice of class depends on
the type of production and quality control exercised. The requirements of case-hardened
wrought steels (forged or rolled steels) are of relevance to this work. The material classes can
be differentiated by several quality requirements. Grain size is not specified for ML, but fine
grain (predominantly 5 or lower) is specified for MQ and ME. A minimum surface hardness of
600 HV or 55 HRC is given for ML, while 660 HV to 800 HV or 58 HRC to 64 HRC are given for
MQ and ME. ME requires less than 10% bainite in the surface structure, while MQ merely rec-
ommends this and ML has no specification. In similar fashion to bainite, limits to residual aus-
tenite of 25% are given, though this requires some additional scrutiny, as modern heat treat-
ments are easily able to achieve much lower residual austenite contents than this. It is specified
in DIN 1SO 3990-5 that an upper limit of 20% residual austenite for the ME grade is permissible,
though this is still insufficient [11]. Carbides are also addressed: semi-continuous networks are
permissible for ML, discontinuous carbides are permissible for MQ and only dispersed carbides
are permissible for ME.

ISO 14635 provides manufacturing details for FZG type A test gears of the gear steel
16MnCr5 [12]. The specified heat treatment states that the test gears are carburized and case-
hardened to a case depth of 0.6 mm to 0.9 mm (at a hardness of 550 HV10). The target sur-
face hardness after tempering is 60 HRC to 62 HRC, and the core strength in tooth root centre
is 1,000 N/mm? to 1,250 N/mm?2 (in accordance with 1ISO 4964). However, there is no mention
of yield or ultimate strength, strain hardening coefficients or residual stresses. Awareness of the
potential for strain hardening, for example, could be utilized in the strengthening of the tooth
root, improving component lifetime. A residual austenite content of 20% is given, but it is un-
clear whether this should be at the surface or in the material core. Furthermore, no statements
on martensite or bainite are given.

Material selection must always be based on the requirements for a specific application.
As will be discussed, steels used in gear applications and steels used in bearing applications
are typically expected to meet different requirements. The tooth root strength of a gear and the
overall surface hardness are of important consideration when choosing an appropriate gear
steel, but gear components are typically not required to endure the same extreme contact pres-
sures as bearing components. For example, FZG load stage 12 testing at a contact pressure of
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Povax = 1,825 MPa is considered most extreme for gears, while rolling bearings are typically
manufactured to withstand contact pressures of over Poyax = 4,500 MPa.

2.1.1 Bearing and Gear Steels

Though the concept of the bearing may date back to the ancient Romans, or possibly
even the Babylonians, bearings would not become a pivotal force mechanical engineering until
much later in history. The first modern, recorded patent of a ball bearing design was awarded to
Philip Vaughan, a British inventor and ironmaster, in 1794 [13]. With the introduction of the
modern bearing design, modern machinery was able to operate significantly more efficiently, a
factor that helped to propel the industrial revolution. New and improved bearing designs would
be recorded over the following century and a half though work done by Stribeck that identified
the metallurgy of 100Cr6 (AlISI 52100) proved to be most significant, particularly in the context
of 20™ century inventions such as railcars, motorcars and aeroplanes [14,15]. The carburizing
grades AISI 4320 (15NiVCr1lMo15) and AISI 9310 (10NiCrMo13-5) were also used for such
applications.

Rapid advances began in the mid 1950’s with the advent of the aircraft gas turbine en-
gine. This would require materials capable of withstanding higher speeds, higher temperatures
and higher loads (without premature critical material failure) than previously seen before. In this
context, Wilcock and Booser reported in 1957 that AISI 52100 is not useful for applications
above 350 °F (177 °C), and that the tool steels AISI M-1 and AISI M-10, which retain their
hardness up to 1000 °F (538 °C), are available for such applications [16]. The exploration of
such tool steels as bearing materials, led to the development of similar alloys involving greater
contents of molybdenum, chromium and tungsten, most notably M-50 for aircraft engines, as
reported by Zaretzky [17]. M-50 would become the steel of choice for such high temperature
applications, whereas AISI 52100, with a Rockwell C hardness of at least 60, is still useful for
low-temperature applications, i.e. under 150 °C. Processes such as Vacuum Induction Melting
(VIM) and Vacuum Arc Remelting (VAR) or electro-slag remelting (ESR) were developed as
material quality became increasingly important through improved cleanliness. These processes
are implemented with the intention of removing non-metallic inclusions, which have been
shown to negatively impact fatigue life and are far more prominent in steels that are melted and
casted under regular atmospheric environments. More specifically, non-metallic inclusions di-
rectly reduce fatigue life by their capability to initiate microcrack development under repeated
contact stressing. While processes such as those mentioned above help to remove non-
metallic inclusions, improving material quality and, ultimately, fatigue life, the absence of any
material defects that drive crack formation is beyond the control of the steel producer, particu-
larly the material is exposed to increasingly extreme conditions. Implicitly, fracture toughness,
the material property that defines the stress required to initiate rapid fracture in the presence of
a local defect, requires significant attention when designing fatigue resistant components. With
the inadequate fracture toughness of through-hardened steels becoming apparent, typically
represented by values of K,c < 24 MPa-m"? [18], carburizing steel grades would become nec-
essary for applications requiring greater toughness [19].

The production goal for carburized, specifically case-hardened steels, is to generate a
hard surface layer, equivalent to that of a through-hardened steel, with a tough material core
that has a corresponding high ductility and high fracture toughness. Steels with reduced carbon
content are suitable for case-hardening, because the fracture toughness of a material is in-
versely proportional to its carbon content and hardness. Improved surface hardness is
achieved by case-hardening, which involves diffusing carbon into the surface layer prior to heat
treatment. This is critical, as carbon content is a contributing factor in material hardness. Extra
wear resistance is provided by the hardened surface, while the propagation of microcracks is
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hindered by the toughened core. Furthermore, fracture toughness can be improved by the addi-
tion of nickel, with minimal effect on hardness. This additional nickel has also been shown to
induce austenitic phase transformations in low-carbon, high chromium steels above 875 °C.
This led to the metallurgical design of AISI M-50 NiL (Ni for nickel and L for low carbon) by
Bamberger in 1983 [20]. This steel is also known for its fine carbide structure, which contributes
to its improved fatigue life in comparison to AISI M-50 [21]. Like AISI M-50, AISI M-50 NiL is
used in high temperature applications, particularly in aerospace technology. Low temperature
applications can be met with AISI 9310 or AISI 8620 (20NiCrMo2-2). It is noteworthy that car-
burized gear steels have proven useful for bearing applications in addition to traditionally case-
hardened gear components [22].

Rolling-loaded gear steels have typically followed the concept of offering a hardened
contact surface, achieved through case-hardening, and a tough core. The current demand for
downsized gear components means that both the tooth flank (pitting, adhesive wear) and the
tooth base (fatigue strength of the contact area) experience greater stresses from external con-
tact. As greater loads are applied to lighter materials, the tooth base experiences increasingly
intense bending loads, and the necessity of improved materials for rolling contacts becomes
ever clearer.

AISI 9310 and AISI 8620 have been cited in the literature as appropriate for most aero-
space applications [17]. M-50 NiL has been studied more recently for more advanced applica-
tions under extreme conditions, eg. high temperatures [23]. Choosing an appropriate material
for a desired application is done in accordance with the required load carrying capacity, operat-
ing speeds, lubrication composition and temperature. In other words, less costly materials can
be utilized if they meet the desired operating specifications. Nitriding and case-hardening of
gear components is undertaken to improve pitting fatigue life and wear resistance. Nitrided gear
components can, advantageously, be used directly after nitriding without any additional finish-
ing, as material distortion during the nitriding process is minimal. The same cannot be said for
case-hardened gear components, which require additional grinding after hardening due to
geometric distortion. Case-hardening is, however, more useful than nitriding when greater case
depths are required. Other surface treatment techniques, such as shot peening, have been
addressed thoroughly in the literature [24,25]. This will be discussed in greater detail in section
2.6.

Automobile applications are of the most prevalent for many types of gear steels. To this
effect, Kanisawa et al. reported the development of a promising new gear steel based on the
steel JIS SCM 420 (1.7218, 20CrMo) [26]. They determined through roller pitting fatigue tests
that the fatigue life of gears made of this new steel could be more than doubled. The silicon
content of the steel was reduced to discourage the formation of grain-boundary oxidized layers,
while molybdenum and vanadium (the latter of which also contributes to grain refinement) were
added to compensate for lost hardenability. Furthermore, this steel also provides a slight con-
trast to typical nickel-chromium-molybdenum low alloy steels such as AISI 4320 and AISI 8620,
described by Abudaia, as a result of the consistently higher chromium content and increased
molybdenum content [27]. Cost factors and good hardenability of AlSI 8620, in spite of lack of
nickel content compared to, say EN 36 (1.5752, 14NiCr14), make it applicable as a material for
small gears, and consequently, one of the more useful steels in automobile gear manufactur-
ing. In this context, the case-carburizing gear steels 16MnCr5 (1.7131) and 20MnCr5 (1.7135)
are also currently of great importance [28]. Therefore further literature investigation and review
is worthwhile.
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2.1.2 Constitution of 16MnCr5 and 20MnCr5 in the Literature

Inhomogenieties in elemental material composition can result from thermal or transfor-
mation stresses, phase transformations or strains during phase transformations. Evidence of
these phenomena was found in a study on forged disks with a centre hole made of 20MnCr5
[29]. The investigated material was annealed to a ferrite-pearlite structure. The samples were
analyzed metallographically and by wavelength dispersive X-ray mappings (WDX). Mappings of
cross-sections of the disks were made to characterize asymmetry in the circumferential direc-
tion. Results for C, Cr and Mn are provided in Figure 2.1.

The second and third rows of the figure show further processing of WDX results: in the
middle row, the moving average (average radius 2 mm) and in the bottom row, the correspond-
ing standard deviation. A decrease in concentration of all three elements in the inner area of
the sample is observed, though this is particularly observable for carbon. As alloying elements
can have a significant influence on phase transformations, the speed and intensity of such
phase transformations may vary between the inner and outer domains, similar to the variation
in element concentrations between the domains.
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Figure 2.1: LITERATURE: Distribution of the alloying elements C, Cr and Mn at ¢ = 0 °. Top line: meas-
ured concentration from WDX mapping; middle line: moving average of an area with a radius of 2 mm;
bottom line: standard deviation of the moving average [29].

In this regard, work by Cheng et al. on the tempering of iron-carbon martensite showed
how the different phase transformations occurring during the tempering and ageing processes
led to macroscopic volume changes, and consequently, geometric distortions [30]. It had al-
ready been established from previous literature data that, the difference in specific volume be-
tween austenite and martensite (both 1.1 wt.% carbon) is approximately 4% [31,32]. A volume
increase of approximately 0.16 percent was observed in the prepared iron specimens over a
heating interval from deep freezing at -180 °C up to room temperature, which is the result of the
transformation of approximately 4% of available residual austenite to martensite. This increase
in volume due to the transformation of austenite to martensite conforms with results that are
already well established in the literature [33,34].
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The changes in volume and geometry that accompany martensitic transformations have
also been described by Lapple [35]. Using a dilatometer to monitor deviations in length of a
steel component (1.3 wt.% carbon) during tempering up to 500 °C, he was able to assign vol-
ume increases and contractions discreet temperature ranges. From 100 °C to 200 °C, a volume
contraction results from the transformation of tetragonal to cubic martensite. From 200 °C to
approximately 300 °C, a volume increase is observed due to the transformation of residual aus-
tenite into cubic martensite or lower bainite. From approximately 300 °C to 400 °C, cubic mart-
ensite begins to shed carbon, eventually yielding a ferritic composition. This third step is once
again associated with a volume contraction, as carbon-free ferrite has a lower lattice constant
of a = 0.2867 nm compared to that of cubic martensite at ¢y, = 0.291 nm. Above 400 °C, the
steel consists of ferrite with embedded cementite, which become increasingly coarse with tem-
perature (coagulation) and eventually become microscopically visible. At this point, the dila-
tometer curve is no longer influenced by the coagulation process, and a linear relationship be-
tween length change and temperature is observed. These processes, in relation to material
residual stresses, will be discussed further in section 4.2.

A study by S.C. Wang et al. investigated the microstructure of 20MnCr5 steel tempered
at different conditions by EBSD and crystallographic techniques [36]. Normalized 20MnCr5
steel was austenized at 920 °C for 2 h, followed by holding at 860 °C for 30 min and water
guenching to obtain martensitic structures. The quenched steel was tempered at 180 °C for 2 h,
then cut into samples with the size of 10 mm x 10 mm x 5 mm. The sample, tempered under
these conditions, was denoted as A. The 1Q and IPF colour maps of the resulting structures
from a chosen sample area are given in Figure 2.2.

— (>20°

— 20°>0>10°
— ]09>0>5°

Figure 2.2: LITERATURE: IQ map (top left), IPF colour map (bottom left), an area of prior austenite grain
(top right, area found at bottom of IPF colour map) and {011}, PF of the area in the IPF map [36].
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The 1Q map from EBSD can clearly reveal the steel’s typical lathe martensite structure
and depict the prior austenite grain boundaries. The poles on {011}, pole figures distributed
continuously on four triangular and three square like areas. While martensitic structures are
clearly observed and correspond to the transformed austenite, the IPF colour maps are also
suspiciously free of any seriously deformed or distorted structures, such as those encountered
in EBSD analyses in similar studies. Therefore it is quite likely that the images presented were
thoroughly edited before appearing in this publication. In such a case, careful considerations
need to be made to ensure that the results remain as accurate as possible, while still offering
worthwhile analytical conclusions to be drawn.

Work done in SFB 570, Project C1, at the University of Bremen explored many aspects
of the causes of geometric distortion in metallic components [37]. It is posited that not only heat
treatment procedures, but rather every step in the production process can be responsible for
geometric distortion. Elastic moduli were determined for 20MnCr5 prior to heat treatment over a
range of temperatures from room temperature up to 700 °C. A strong temperature dependence
was observed, with an increased dependence on the elongation rate at temperatures above
500 °C. The reasoning behind this is the possible appearance of creep phenomena that result
in additional elongation [37].

A heat treatment that would allow for significant martensitic conversion was carried out.
This first involved the samples being heated to 940 °C and held for 30 minutes. The samples
were then cooled to 840 °C and held for an additional 20 minutes. Finally, the samples were
quenched in an oil bath held to 60 °C. The carburization of the samples with 0.40 mass-% and
0.50 mass-% was performed under low pressure. Further details as to how carburization was
carried out have already been described in detail [37]. As a result of the high carbon content of
these samples, martensitic hardening via high pressure gas quenching was able to be carried
out after being held for 20 minutes at 840 °C. Elastic moduli were again determined for
20MnCr5, as well as for the carburized 40MnCr5 and 50MnCr5 samples. These were meas-
ured in a temperature range from room temperature up to 400 °C. In this case, there was no
clear dependence of the elastic modulus on the temperature observed. The values provided in
Table 2.1.were extracted from full distributions available in the referenced report [37].

Table 2.1: LITERATURE: E-moduli for 20MnCr5 and carburized versions measured at a constant elon-
gation rate of V = 4x10° s [37].

Elastic Modulus (GPa)

20MnCr5 20MnCr5
0GR (beforeheat  (after heat 40MnCr5 50MnCr5
treatment) treatment)
| 25 [EETE 221 200 200
| 100  [EEPIE 182 194 194
| 200 [PV 208 193 193
BE = 177 188 177
| 400 [T 183 i i
121 i i i
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A review of the work done in SFB 570 by Hunkel focuses on the determination of segre-
gations and their influence on phase transformations and plasticity, with attempts at modelling
these processes [38]. The initial production of the 20MnCr5 studied is described in detail.
Characterization of the material revealed that martensite appeared in areas of higher manga-
nese and chromium content. Pearlite also showed this behaviour in ferrite-pearlite microstruc-
tures. Therefore it was determined that the distribution of chemical composition can affect
phase transformation kinetics, and it has been shown that distortions of the disks studied are
due to segregations [39]. This review addresses anisotropic transformation strain, modifications
of phase transformations due to micro-segregations and transformation plasticity. Generation of
directed inner stresses during phase transformations was found to be the root cause of anisot-
ropic transformation strain. Microstructural transformation of ferrite/pearlite to banded fer-
rite/austenite leads to a tensile stress within the austenite and a compressive stress within the
ferrite, resulting in anisotropic strain. This is similar to the classic transformation plasticity effect,
where an applied external stress results in inner transformation plasticity [40]. The dependency
of the position of transformation strain in steel bars with a diameter of 90 mm was also studied.
Three dilatometer specimens were used to determine a “difference in strain” value, which pro-
vides information on the radius dependency of the transformation strain for heating and
quenching [41]. As seen in Figure 2.3, this value is significantly dependent on the radius.

heating quenching
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Figure 2.3: LITERATURE: Position dependence of anisotropic strain within a bar of diameter = 90 mm
[38].

Transformation plasticity occurring specifically during heating, not quenching, was ad-
dressed by this review. Ferrite/pearlite transformations to austenite during heating led to addi-
tional creep in the material [42]. Longitudinal anisotropic strain was observed at a heating rate
of 5.0 °C/s. For smaller heating rates (longer heating durations) the effects of creep become
more and more dominant. It also appears that anisotropic strain is temperature dependent. It
was demonstrated that higher heating rates, leading to higher transformation temperatures,
caused greater anisotropic strain. It is hypothesized that this is a result of creep phenomena in
both the initial state (ferrite/pearlite) and the final state (austenite), which would have an addi-
tive effect on the amount of strain. A sign change of the anisotropic strain is also observed dur-
ing phase transformations, since, at lower temperatures, creep within ferrite/pearlite dominates,
while at higher temperatures, creep within austenite dominates. These results are presented in
Figure 2.4. It must be noted that the curves representing anisotropic strain vs. temperature at
the given heating rate represent three different, constant stress levels, i.e. -10 MPa, 0 MPa and
10 MPa.
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Figure 2.4: LITERATURE: Longitudinal anisotropic strain and austenite content for a constant heating
rate of 5.0 °C/s and different stresses (left) and total anisotropic strain at 900 °C for different heating
rates and stresses (right) [42].

Control of residual austenite is also of critical importance. A study conducted by Surberg
et al. gives some promising insights into control of phase transitions, namely conversion of re-
sidual austenite to martensite, during heat treatment of 16MnCr5 and related steels [43]. Guide
bolts with an approximate length of 16 cm and composed of 16MnCr5 (1.7131) were carburized
at an oven temperature of 930 °C to 0.8 wt.-% carbon, hardened at 850 °C and quenched in an
oil bath at 70°C. Samples were then subjected to different intensities of deep freezing treatment
for different lengths of time to see what effect this had on residual austenite and geometric sta-
bility.
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Figure 2.5: LITERATURE: The effect of deep freezing treatment of 16MnCr5 on residual austenite [43].

It can be observed that a significant reduction in residual austenite, i.e. less than 3 % is
achieved with a 25 minute deep freezing treatment at -90 °C. Further reduction to approxi-
mately 1 % is achieved by lowering the treatment temperature to -120 °C and extending the
treatment time to 24 hours, with stress relieving at 180 °C for two hours to follow. Decreasing
the treatment temperature further to -150 °C did not lead to a further reduction of residual aus-
tenite. This has important implications for the preparation and heat treatment of 20MnCr5. A
longer and more intense deep freezing treatment, i.e. at very low temperatures, combined with
extended stress relieving time, could be effective in further reducing residual austenite. To yield
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higher residual austenite contents, an extended tempering duration at an elevated temperature
could help to yield higher residual austenite content [44]. This would allow for greater control of
distribution of residual austenite contents among discrete sample groups. Important results
concerning dimensional stability were also gathered and are presented below.
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Figure 2.6: LITERATURE: The effect of deep freezing temperature in 24 hour deep freezing treatment on
change in sample geometry in terms of bolt length [43].

Deep freezing treatments were carried out at -90 °C, -120 °C and -150 °C for 24 hours,
as well as at -90 °C for 25 minutes and for 24 hours. Ultimately it was shown that neither lower-
ing the deep freezing temperature below -90 °C, nor increasing the treatment time to even well
beyond 25 minutes, yielded a significant improvement in retention of the original sample ge-
ometry.
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Figure 2.7: LITERATURE: The effect of treatment time during deep freezing treatment on change in
sample geometry in terms of bolt length [43].

13



2. State of the Art

However the most effective retention of the original sample geometry was obtained by
increasing the time of deep freezing treatment. Since it was shown that changes in sample ge-
ometry extremely close to zero could be obtained under basic deep freezing conditions, it is
unlikely that deep freezing under more extreme conditions, namely lower temperature and in-
creased time, would be worthwhile in yielding zero change in sample geometry.

Other studies have been done on more effective control of residual austenite by deep
freezing treatments on 20MnCr5 with the goal of improving the overall wear resistance of the
material [45]. In one case, a set of 3 different carburizing treatments along with 4 different cold
treatments, seen in Table 2.2, were tested in terms of the residual austenite content and the
subsequent effects this had on the sliding wear of the materials. Wear testing was carried out
on a pin-on-disk machine (Fy= 100 N, v = 0.4 m/s, Pouwax = 412 MPa, T = +25 °C, oil Castrol
SLX 0W-30).

Table 2.2: LITERATURE: Residual austenite content in percent for heat treated 20MnCr5 [45].

CB1) carburized to0.8% CB2) carburized to 1.0% CB3) carburized to 1.0%
carbon, total case depth 0.75 carbon, total case depth 0.75 carbon, total case depth 0.75
mm, direct oil guenched from mm, direct oil guenched from mm, cooled out, reheated
850 °C 850°C and oil quenched from 850 °C

DF1) Temperedat 150 °C for one hour

DF2) cooled to-70 °C then tempered
at 150 °C for one hour

DF3) cooled to-196 °C then
tempered at 150 °C for one hour

DF4) cooled to-269 *C then
tempered at 150 °C for one hour

In contrast to the previously described study by Surberg et al., a significant reduction in
residual austenite is observed with a strong decrease in deep freezing temperature. It is also
seen that how case-hardening is carried out can have a noticeable effect on residual austenite
content, as carburization treatment 2 yielded significantly higher levels of residual austenite in
the case of all deep freezing treatments. Normally such heat treatments focus on merely reduc-
ing residual austenite content. Controlling residual austenite contents, i.e. limiting them to dis-
crete quantities, is an important aspect of studying the effects residual austenite has on mate-
rial properties.

The hardness gradients for all cold treatments after carburizing treatment 1 are provided
in Figure 2.8 [45]. It can be seen that all the cold treatments resulted in a small increase in
hardness near the surface due to the conversion of residual austenite to martensite. The total
case depth was 0.65 mm and the effective case depth, at a hardness of 550 HV, was 0.45 mm.
The hardness gradients for CB2 and CB3 samples were very similar with the same total and
effective case depths [45].
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Figure 2.8: LITERATURE: The case profiles for 20MnCr5 after carburizing treatment 1 and varied cold
treatments [45].

Observed changes in microstructure are also quite revealing as to the effects of carbur-
izing in deep freezing treatments. The microstructures resulting from CB2, before and after
deep freezing treatments, are given [45]. A reduction in residual austenite with the appearance
of martensitic structures can clearly be seen.

Figure 2.9: LITERATURE: Resulting microstructures after carburization treatment 2 and deep freezing
treatments a) temper only, b) -70 °C, c) -196 °C and d) -269 °C [45].

Wear testing was carried out on a pin on disk machine. A 10 kg load was applied to the
flat pin. The disk used was made from a cold-working tool steel, which had been hardened and
tempered to 58 HRC. The applied sliding speed was 0.4 m/s and the oil temperature was 25
°C. The lubricant used was Castrol SLX 0W-30, multigrade synthetic motor oil. Wear volumes
were calculated from an average in three tests per sample.
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Figure 2.10: LITERATURE: Comparison of wear volumes after carburization treatments 1), 2) and 3),
followed by deep freezing treatments a), b), ¢) and d) [45].

In this case, long term wear rates were established after approximately 5,000 m of slid-
ing, which is, ultimately, more important for the evaluation of wear than the general positioning
of the wear curves [45]. These long term wear rates were calculated and evaluated based on
the wear volume between 5,000 — 20,000 m of sliding. The results have been re-calculated to
report them more succinctly, and to allow for possible comparison with wear results presented
further on in this thesis. It should be noted, however, that this would involve comparing wear
rates from pin on disk testing at much lower contact pressure to wear rates from slip-rolling
contacts at much higher contact pressures.

20.0

18.0

16.0

14.0

12.0

10.0

8.0

6.0

4.0

Wear Rate (ky -10-1° mm3/N-m)

2.0

0.0

|DF1 DF2 DF3 DF4| |DF1 DF2 DF3 DF4 ”DF1 DF2 DF3 DF4|

CB1 CcB2 CB3

Figure 2.11: LITERATURE: Mean wear rates after 20,000 m of sliding at Fy = 100 N, Pgyean = 275 MPa,
Povax = 412 MPa, in Castrol SLX OW-30, v = 0.4 m-s™, T = 25 °C given in 10" mm*N-m [45].

In the case of all three carburization treatments, a very general trend of wear rate reduc-
tion with decreased deep freezing temperature can be observed, though this trend is more sub-
tle for CB2. This is observed because samples from CB2 showed significantly higher residual
austenite contents, which is normally responsible for reduced wear performance. Further as-
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sessment of the case of CB2 is difficult, and more so in the case of CB3, where a surprisingly
high wear rate was observed when combined with DF2. The study cannot find a logical expla-
nation for this result, and takes it to be anomalous. A significant improvement in wear rate is
observed in all cases where DF4 is applied. This may be accounted for by the precipitation of
nanosized carbides [46]. The results indicate that a very intense, low temperature deep freez-
ing treatment is necessary in the case of low carbon steels to have a significant effect on the
reduction of wear rates. The implication for this thesis is that lower deep freezing temperatures
would need to be pursued in order to yield 20MnCr5 with a residual austenite content lower
than 5 %, and furthermore, to improve wear rates.

Comparing carburizing treatments shows that, in this case at least, the carburization
process has a much greater influence on the reduction of wear rates than variation of deep
freezing treatments. Simply by raising the carbon content of the steel from 0.8 % to 1.0 % es-
sentially led to a 50 % reduction in wear rate, seen in the comparison of CB1 to CB2. However
there are further parameters to consider beyond lubricated wear. Materials with higher residual
austenite content in the surface layers have, in some cases, proven to offer greater fatigue re-
sistance [47]. Nevertheless, greater contact fatigue resistance can also be yielded by reduction
of residual austenite through effective deep freezing treatments [48]. Should residual austenite
be present in the surface layers of samples that are to be ground, care must be taken to avoid
grinding burns and cracking [49] due to the transformation of austenite to martensite, as well as
due to the amorphization [50]. This is especially important because little work hardening can be
expected from 20MnCr5, exemplified by its relatively small work hardening exponent, given in
Figure 2.12, as a distribution with temperature.
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Figure 2.12: LITERATURE: Work hardening exponent, n, dependence on temperature and elongation
rates, 10° s™ for ferrite-pearlite-structure, and 4x10° s for bainite [37].

Determination of the work hardening exponent was done based on the Ramsberg-
Osgood-Model [51], and was investigated in terms of its dependence on elongation rate, de-
scribed in detail in SFB 570 [37]. The 20MnCr5 investigated was comprised almost entirely of
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bainite in its manufactured state, and was tested at the higher elongation rate V, = 4x103 s™. A
slight increase in the work hardening exponent is observed with increase in temperature. After
heat treatment, and consequently setting of the ferrite-pearlite-structure, a lower elongation rate
V, = 1x10° s™ was chosen due to the lower warming speed of the steel. An initially higher work
hardening exponent was observed, which then tapers off after approximately 400 °C. Though
the utilization of work hardening processes can be beneficial for a material, where increased
hardness can yield greater wear resistance, these processes contribute to significant micro-
structural transformations. Such transformations can be observed directly by studying the mi-
crostructural composition before and after contact stresses, as well as indirectly by analyzing
changes to the residual stress profiles of the material.

2.2 Material Stresses and Rolling Contact Fatigue
2.2.1 Residual Stresses

Residual stresses develop reactively in materials to which an external stress has been
applied. This may occur as a result of manufacturing processes like grinding and polishing,
surface hardness modification procedures such as shot peening, etc., as well as a result of
regular component operation. It has been observed in the literature that residual material
stresses are able to influence the load carrying capacity of that material [52,53,54] Further-
more, it was observed by Zwirlein and Schlicht that compressive residual stresses can be gen-
erated by cyclic stresses when a sufficiently high load is applied [55] This methodology is a
fundamental cornerstone of modern material surface treatment techniques, which are dis-
cussed in section 2.6. Certain heat treatment approaches, such as case-hardening, are imple-
mented to yield such beneficial residual stresses in addition to increased surface hardness (see
section 3.1.1). Whether thermal or mechanical methods are applied to generate residual
stresses, the transformation of austenite to martensite is of particular focus, because a meas-
ureable volume increase results from this phase transformation, resulting in compressive resid-
ual stress as a reaction to the increase in volume.

It was reported by Béhmer that component lifetime can be optimally improved through
control of the magnitude of introduced compressive residual stresses [56] It was within this con-
text that he evaluated the evolution of rolling contact induced residual stresses, which are dis-
played graphically in Figure 2.13. Development of a compressive residual stress maximum of
approximately -150 MPa can already be observed at approximately 270 um from the raceway
surface after an applied contact pressure of P, = 2410 MPa. As the applied contact pressure is
increased up to Py, = 3060 MPa, the residual stress maximum shifts to approximately -600 MPa.
Furthermore, this new maximum is observed at approximately 400 um from the raceway sur-
face, indicating that increased loads can drive microstructural transformations of available aus-
tenite to martensite deeper into the material core. In light of this literature observation it be-
comes evident that a controlled running-in prior to tribological operation (and assuming no pre-
vious material damage) will create a stable metallurgical structure in the subsurface regions
that is equal to the one formed during regular tribological operation.
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Figure 2.13: LITERATURE: Evolution of residual stresses resulting from cyclic rolling contact with re-
spect to increasing contact pressure [56].

Slip rates are also stated to have significant influence on the residual stress profile of a
loaded material. These trends are shown graphically in Figure 2.14, though the magnitudes of
the applied slip rates are not specifically provided. It is indicated that implementation of strong
slip and low to moderate loads will result in minimal variation of the material residual stress
profile compared to the heat-treated state. As previously indicated, increased contact pressures
will lead to an increase in compressive residual stresses, and the development of a clear resid-
ual stress maximum. At both high contact pressures and strong slip conditions, the depth of the
compressive residual stress maximum below the contact surface appears to decrease, though
the magnitude of the maximum remains relatively constant.
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Figure 2.14: LITERATURE: Evolution of residual stresses resulting from cyclic rolling contact with re-
spect to variation in slip [56].
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With residual stresses originating from induced structural transformations, it is unsur-
prising that other mechanical properties are influenced by variations in contact pressure, as
well as cycling time. Hardness and strength increases are often the result of increased contact
pressure and/or cycling time, though this is discussed in greater detail in section 4.2.2. Regard-
less of directional changes in hardness, residual stresses have been shown to vary both tan-
gentially and normally. Most importantly, tangential residual stresses are suggested to be a
propagating force of the growth of microcracks [57].

2.2.2 Dark Etching and White Etching Areas

The development of microcracks is related to the phenomenon of dark etching (DEAS)
and white etching areas (WEASs). The theory of the formation of such areas is still widely dis-
cussed, even though it was first presented in detail in the literature over four decades ago [58].
Swahn, and particularly Zwirlein and Schlicht in a later study, illuminated the proximate cause
of DEAs as slip motions in underlying lattice formations [55,59]. To better illustrate the phe-
nomenon, they provided images of axial and parallel sections of a deep-grove ball bearing in-
ner ring, where dark sections extended to the contact surface in all but two small areas. They
attributed these omitted areas to pure rolling contact, and stated that backward sliding resulted
in the middle contact while forward sliding occurred in the outside contacts, both resulting in
additional material stress that leads to the formation of DEAs [60]. Adjusting the etching method
yielded white bands (WB) in what were previously the darkened areas. These WBs showed
different arrangements and angular patterns in accordance with the operating time and pres-
sure of the tested component. This, along with drops in hardness and residual stress profiles
with increased operating time, proved to being indicative of martensitic decay, further exempli-
fied by literature research that found WBs to be composed of ferrite particles, surrounded by
carbon-rich, carbide-like zones and residual martensite [53,59]. The development of WEAs and
DEAs may contribute to rolling contact fatigue.

2.2.3 Rolling Contact Fatigue
Rolling contact fatigue is divided into two main mechanisms:

a. Crack initiation and/or
b. Crack propagation.

In a “brittle” material, cracks propagate so fast that a formal mechanism for crack initia-
tion cannot reasonably be described. In a “tough” material, on the other hand, cracks begin and
propagate far more slowly or, as the case may be, do not propagate at all. Ideal slip-rolling ma-
terials do not generate cracks or, if initiated, do not allow cracks to propagate. With this in mind,
a material must be chosen in proportion to the slip-rolling load to which the material is exposed,
i.e. materials with lower toughness may be acceptable for low slip-rolling loads. The relation
between loading and fatigue lifetime is expressed by the Lundberg-Palmgren relation [61].

When a load is applied to a material, dislocations and voids can result within the con-
tacting bodies. When such dislocations become sufficiently numerous, microcracks can begin
to form. The presence of any subsurface defects in the material may exacerbate cracking when
material deformation occurs. Should microcracks continue to grow in a material, eventually, the
fracture toughness value will be reached, which will then result in what is known as micro-
pitting, and can cause critical material failure. These steps, leading to rolling contact fatigue,
have been described in the literature by Nélias et al [62].A multitude of factors contribute to
rolling contact fatigue, including contact geometry, kinematics, load, lubrication properties, tem-
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perature, cyclic deformation and surface topography. These influential factors are treated both
directly and indirectly in the following sections.

2.3 Rolling Friction

Slip-rolling occurs when two contacting bodies roll against each other at unequal
speeds. The velocity vectors of these bodies do not balance to zero at the point of contact and
the percentage of occurring slip in this case can be defined by [63]:

s=Y1=V2 1000 Equation 1

1

This expression is widely used and is described thoroughly in the literature. The main
specimen, i.e. the sample, is represented by vector 1, while the counterbody is represented by
vector 2. Both vectors must have a positive magnitude in order to fulfill the basic definition of
rolling, though ultimately, the slip ratio depends on the velocity of the counterbody. One can
demonstrate from the given equation that if the speed of the counterbody is lower than that of
the sample, the slip ratio will be positive. Furthermore, this means the resulting frictional force
on the sample will be against the direction of rolling. The opposite applies when the speed of
the counterbody is higher than that of the sample. However the amount of slip is so high with
the frictional force in the same direction as the rolling motion that the fundamentals of rolling
motion are not met and this scenario is therefore neglected.

The presence of friction means that both bodies will undergo some level of deformation,
depending on their individual elastic properties. The deformation of the contacting surfaces will
lead to the formation of a bead in front of the contact, opposite to the direction of motion. The
counterbody can be seen to create a kind of “plowing” effect when under a sufficiently high con-
tact pressure, which leads to even further deformation and slip with respect to the relative mo-
tion of the contact bodies. The resulting frictional force is derived from Coulomb’s Law and de-
scribed by the equation:

Fo=u-Fy Equation 2

The velocity of the contact bodies, the presence of lubrication and adhesion between
the contact surfaces can also influence slip-rolling friction. Both hard and soft coatings can be
developed to help reduce the amount of friction and deformation the contacting bodies experi-
ence. Hard coatings offer a lower susceptibility towards fatigue, while soft coatings offer greater
adaptability towards the applied load, reducing the Hertzian contact pressure by spreading the
contact over a greater surface area.

2.4 Hertzian Contacts

In 1881, the physicist Heinrich Hertz published the first paper to analytically describe the
reasons for the deformation of two elastic bodies with curved geometry in a static state [64].
This would become the field of contact mechanics. Contact mechanics involves studying the
deformation of solid objects that have one or more points of contact. The contacting bodies
considered by Hertz, however, are now referred to specifically as Hertzian contacts.

A defined contact is created between two bodies by adding curvature to one or both of
the bodies. This allows for transfer of applied load between the contact bodies when they are
put in relative motion. This load is only distributed over a small, local surface. This distribution

21



2. State of the Art

over such a small surface area means the resulting stresses are considerably higher, than were
the load transferred over a larger area. The contact geometry can be linear, circular or elliptical
depending on the geometry of the bodies. Specific geometric parameters, namely the radii a
and b of defined ellipses, of the contact and the contact pressures can be determined by apply-
ing the equations developed by Hertz [63]:

3-F, (1-v? .
a=&- Zl’: EV Equation 3
3-F, 12 -
b=rn-3lt Equation 4
>k E
2 2 2
where v )=1-[(1_V1 )+(1_V2)J Equation 5
E 2| E =

with  E;, E; Young’s modulus,1 and 2 referring to the two contacting bodies
v1, Vo, Poisson’s ratio, 1 and 2 referring to the two contacting bodies
&, n, the corrective factors describing the deviation from ball-on-ball geometry
k, the contact parameters and Fy the normal force

These equations allow for the calculation of the semi major axis, a, and the semi minor
axes, b, forming an elliptical contact surface. The maximum Hertzian contact pressure is then
calculated by:

2

With the values of the semi major and semi minor axes, the average Hertzian contact
pressure is calculated as well:

Pk = Equation 7

In work by Shigley et al., the maximum shear stress, tmax, and principle stresses, oy, oy
and o, as a function of maximum pressure, Pnax, beneath the surface contact point in a static
case of two contacting spheres (Figure below, to the left) and two cylinders (Figure below, to
the right right) were evaluated [65].
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Figure 2.15: LITERATURE: Magnitude of stress components below the surface as function of maximum
pressure for contacting spheres (left) and cylinders (right) with v = 0.3 in static case [65].
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Furthermore, the depth and maximum shear and contact stresses are also given for dif-
ferent elliptical parameters, k, in Table 2.3 below. The maximum shear stress occurs at a point
beneath the surface on the z-axis.

Table 2.3: LITERATURE: Depth, maximum shear and contact stresses for different elliptical parameters
k [65].
k=b/a 0 0.2 0.4 0.6 0.8 1.0
z/b 0.785 0.745 0.665 0590 0.530 0.480

W 0300 0322 0325 0323 0317 0310

2.5 Lubrication

Lubrication involves the introduction of a substance between two or more surfaces in
close proximity and moving relative to each other, and is employed to reduce friction and wear
by separating both surfaces through a film. Lubricants have additional important tasks, de-
scribed in the literature, including [66]:

- transmission of forces due to hydrodynamic thin films, which reversibly solidify in the contact
- physical or chemical induction of reaction films

- dispersing and deterging of fluid or solid contaminations

- removing of chips and cooling effects when used as cooling lubricant in metalworking

- corrosion protection

- evacuation of heat

Proper lubrication helps to provide reliable operation of equipment, reduces the rate of
wear, and helps to prevent excessive stresses or seizures of operating components. A lubricant
may be a solid, a solid/liquid dispersion, a pure liquid, a liquid-liquid dispersion or a gas, though
the focus of this work will be on liquids. Lubricants may be enhanced with the addition of care-
fully selected additives to the base oils. Specific additive strategies for the formation of chemi-
cally reactive protective films are discussed in the next section. With the increasing importance
of the downsizing of components, lubricant packages are becoming ever more complex,
whereby the interactions between individual additives need to be carefully considered.

One must also consider the specific application for which the lubricant is intended in de-
signing appropriate and balanced lubricant additive packages. In a technical study by Wink on
predicting the scuffing risk to spur and helical gears in commercial vehicle transmissions, five
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different lubricant formulations (three synthetic and two mineral-based) were tested for their
ability to mitigate the scuffing of gears in FZG testing [67]. In total, 50 gear sets were evaluated.
The synthetic lubricants yielded both the lowest and highest FZG load stage failures, while the
mineral oil-based lubricants showed consistent load stage failures. This is further evidence that,
regarding synthetics and mineral oils, one is not necessarily exclusively better than the other,
though the current trend appears to be heading toward more use of synthetics due to their ap-
plicability over a greater range of temperatures. Both have advantages and disadvantages de-
pending on the application. For example, synthetics can be customized to provide more flexible
viscosity performance and temperature extremes, both high and low, but can be susceptible to
decomposition effects in certain chemical environments [68].

A most important consideration for the application of a lubricant is the film thickness,
which depends on viscosity, pressure in relation to viscosity, geometry and speed. The film
thickness, in accordance with the separate domains of the friction regimes in the Stribeck
curve, determines the type of lubrication, or the lubrication regime. A graphical description is
provided in Figure 2.16. The domains of the Stribeck curve describe the evolution of the coeffi-
cient of friction vs. the ratio of lubricant film thickness to component surface roughness, known
as the Tallian parameter, A. The lubrication regimes described are:

1) Boundary lubrication, valid for A < 1 — two surfaces are mostly in contact with each other
even though a fluid is present.

II) Mixed/boundary lubrication, valid for 1 < A < 3 — two surfaces are partially separated and
partially in contact with each other.

I1I) Hydrodynamic lubrication valid for A > 3 — two surfaces are completely separated by a
fluid film and the flow of the film is not influenced by the roughness.
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Figure 2.16: LITERATURE: Characterization of friction regimes according to the Stribeck curve [69].

Additionally, the surface topography, i.e. orientation of surface roughness, may affect
the lubricant film thickness. It is possible under certain conditions, however, to encounter a
fourth lubrication regime known has elastohydrodynamic lubrication (EHD). In EHD, contacting
surfaces are not actually in contact, but rather are separated by a thin fluid film. In this case, the
surface topography becomes irrelevant, as the contact surfaces are completely separated from
each other. Knowledge of lubrication conditions is critical when mechanically finishing metal
surfaces, including processes to induce work hardening beneath the metal surface.
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2.6 Work Hardening

Work hardening occurs as a result of plastic deformation, which is particularly prevalent
in ductile materials, and triggers phase transformations. Reversible elastic deformation is ob-
served in a material up to its elastic limit, or yield point. Beyond this point, irreversible plastic
deformation occurs as a result of the breaking of inter-atomic bonds. This is especially relevant
for metals with significant austenitic composition. As is the case with targeted heat treatment
and rapid quenching, martensitic phase transitions can be yielded by mechanical means as
well. If sufficient stress (and at rapid enough intervals) is applied to such an austenite-
containing metal, the resulting volume increase from the transformation of austenite to marten-
site will generate compressive residual stresses in sub-surface regions, i.e. below the con-
tacted (stressed) surface. Evidence of work hardening in materials is typically observed through
changes to residual stress profiles, discussed previously in section 2.2.1, as well as hardness
profiles where an increase in material hardness is observed. The plastic deformation of a mate-
rial leads to the movement of dislocations that are already present, and the creation of new
ones. The greater overall prevalence of dislocations in the material with increasing plastic de-
formation results in greater resistance of such dislocations to further motion, which essentially
means that less and less material is able to migrate under stress, giving the material greater
strength [70]. In materials with low austenite content, such work hardening may also be gener-
ated through grain-boundary strengthening. Grain boundaries impede the movement of disloca-
tions, so by reducing grain size, and thereby increasing grain-boundary presence, dislocations
become less mobile when later introduced to external stresses.

The deformation of metals by a spherical indenter, resulting in work hardening, has
been described by Tabor [71]. It was stated that an increase in yield stress will occur where
material is displaced around the indentation, but that the elastic limit is not constant at all points
around the indentation because of variations in deformation strain. This has already been
touched upon in the discussion of Hertzian contact theory in section 2.4. Ultimately, he was
able to derive an expression to relate the ultimate nominal stress, o, to the Vicker’s hardness,
H, and the strain hardening coefficient, n, in the expression:

H C(125n\" .
Oy = ()_g) (1—n) (1 m) Equation 8
L. —n

later simplified by Cahoon [72] to:

H noAn
=|— Equation 9
7 (2.9) (0.21?) a

It becomes clear from the simplified expression that an increase in the strain hardening
coefficient leads to an increase in the ultimate tensile strength per hardness. This was verified
by comparison of calculated values to those from the original expression from Tabor. Only at
larger strain hardening coefficient values does deviation between the two expressions become
apparent. Most importantly, strong agreement with previous experimental values (also from
earlier work by O’neill [73]) was observed.

Work hardening processes in steel alloys have undergone extensive study and are well
represented in the literature. For example, Hirano et al. demonstrated in 1966 that the most
effective material combinations for the reduction gears of marine turbines were those that
showed the greatest work hardening tendencies [74]. Modern applications of such rolling ele-
ments have been developed by Nissan Motor Co., Ltd. (Yokohama, Japan) [75]. Furthermore,
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Lambda Technologies (Cincinnati, Ohio, U.S.A.), also developed a related technique known as
Low Plasticity Burnishing (LPB), which was first applied to metal improvement in 1996 [76].
LPB is able to produce compression ranges from a few thousandths of a centimetre (compara-
ble to shot peening) to over 1 cm in the case of nuclear weld applications. Such methodology
has been applied for some time to the improvement of wear performance of P/M manufactured
steels. A more recent investigation by Jandeska et al. into the effects surface densification on
the rolling contact fatigue of a P/M alloy exemplifies this well [77].

The generation of work hardening in a material will essentially mean that this material
undergoes some form of deformation. In certain applications this deformation may be undesir-
able. In such cases, it may be worthwhile to consider other methods for improving material per-
formance, such as through the generation of chemically reactive tribofilms on surface sub-
strates.

2.7 Tribofilms

Tribologically induced protective films, or simply tribofilms, are currently a very promi-
nent area of research. Tribofilms may be generated either during operation or through pre-
conditioning, and can have a significant influence on the friction behaviour and wear perform-
ance in tribological systems. Understanding of the metallurgical and chemical processes in-
volved is rapidly increasing with improvements to analytical techniques. There are many differ-
ent types of films, as well as ways to generate them, which can make describing these proc-
esses difficult, if there is not a consistent naming system. Tribofilms may be classified into four
specific types [78]:

1. Tribofilms generated from the wear of the major constituents of sliding surfaces;

2. Tribofilms generated from the preferential wear of soft or lubricious constituents of a
multi-phase or composite material,

3. Tribofilms with different chemical composition from parent worn and/or crystalline struc-
ture as a result of sliding contact;

4. Tribofilms generated as a result of tribo-chemical reactions between the wear products
(i.e. wear debris and worn surfaces) and the environmental species.

At the same time, other influential physical processes may be occurring. This should,
however, be distinguished from the chemical processes involved in tribofilm formation. This is
namely because any physically formed protective layers are not nearly as stable as those re-
sulting from the formation of chemical bonds. Adsorption of gaseous and liquid films on a solid
surface, inducement via sliding of plastic deformation layers without changes in underlying
crystalline structure and/or chemical composition and solid particles entrapped in a sliding inter-
face without forming a continuous film, whether they are wear debris or from the environment,
are all examples of such physical processes [78].

Much work has been done with the additive zinc dialkyl-dithiophosphate (ZDDP) since it
is the main anti-wear agent used in many engine, gear and hydraulic oils [79,80]. The historical
development of ZDDP to become a central anti-wear component in engine oils has been de-
scribed in the literature [81]. ZDDP is able to chemically react with steel surfaces to produce a
protective tribofilm coating [82]. Phosphorous that passes through the engine combustion
chamber, however, interferes with the operation of the exhaust system, so the goal of work with
ZDDP is to reduce the amount of phosphorous present in engine oils, while still maintaining
good friction and wear performance. While these studies have shown some favourable results
in terms of improvement of friction behaviour and wear performance, they are predicated on
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generating, or rather, replenishing the tribofilm throughout testing, as opposed to generating a
stable, production-ready tribofilm through pre-conditioning.

A new model of the interactions of additives with metallic surfaces was introduced by
Schulz and Holweger in 2009 [66]. Furthermore, the behaviour of specific additives and their
interactions with specific metallic surfaces were discussed in detail at the annual GfT-Meeting
in 2011 in Goéttingen, Germany [83]. Three possible reaction pathways were postulated (see
Figure 2.17, Figure 2.18, Figure 2.19).

These mechanisms are applicable to iron, as well as other metals and alloys. Since
mechanisms 1 and 3 involve different groups of molecules, they are not in competition with
each other in the way mechanisms 1 and 2 are. This could lead to synergistic effects [84]. Fur-
thermore, mechanisms 1 and 3 have a strong foundation in the literature, particularly concern-
ing the activity of sulfur [85]. With all this in mind, calcium carbonate is often used as a compo-
nent of lubricant additives. Lubricant formulations containing calcium carbonate were chosen
for this current study.
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Figure 2.17: LITERATURE: Mechanism 1: Formation of hydrogren bridges with hydroxide [66].
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Figure 2.18: LITERATURE: Mechanism 2: Attack from ions on the atoms carrying hydroxide [66].
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Figure 2.19: LITERATURE: Mechanism 3: Adsorption of oxidic groups on the metal elements [66].
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In-situ analysis via spectroscopic measurement of tribochemical reactions under bound-
ary lubrication is extremely difficult. While post-experimental analyses of tribologically impacted
surfaces can help to determine the composition of reaction products, i.e. tribofilms, as well as
the reaction mechanisms that take place, this may not give further insight into the reaction ki-
netics involved. Touching on this subject, Endou et al. conducted a theoretical study on the
reactivity of diphenyl disulfide (DPDS, [CAS: 882-33-7]) with an Fe(001) surface using a novel
quantum chemical molecular dynamics approach [86]. They were able to observe the formation
of strong Fe — S bonds, with binding energies in the range between -190 — -240 KJ-mol™.
These bonds were evaluated in the context of no further chemical reaction, i.e. DPDS remained
“‘complete” and was not subjected to any further decomposition. Therefore some light bonding
interaction between the phenyl rings and iron surface could also be observed. More specifically,
the C 2p atomic orbitals of the phenyl groups overlapped with the Fe 3d atomic orbitals of the
iron surface, with the resulting orientation yielding T molecular orbitals. In this case, a binding
energy of -66.9 KJ-mol™* was determined, which is quite weak in comparison to the Fe — S en-
ergies previously determined. Nevertheless, this suggests the important role of the interaction
of the C 2p and Fe 3d atomic orbitals in determining the absorption state of the diphenyl disul-
fide molecule on Fe surfaces as well as the formation of Fe — S bonds.

This molecular modelling gives the theoretical underpinning for practical results ob-
tained in other studies. For example, a study conducted by Ptaza and Grusinsky et al. on the
homogeneous and heterogeneous decomposition of DPDS showed that different compounds
can form as a result in the different bond energies of the C — S and S — S bonds [87]. In combi-
nation with work from Anand et al. it was shown that DPDS can exhibit positive load carrying
properties, though these are dependent on the formation of films through iron organic com-
pounds and the reaction of iron with byproducts from the reaction of thio compounds and hy-
drocarbon solvent with oxygen [88]. It is expected that oxidation of the byproducts from the de-
composition of DPDS can subsequently react with iron to form reactive tribofilms that increase
load-carrying capacity of the surface substrate. Furthermore, it has been verified that surface
concentration ratios of sulfur to oxygen are extremely important [89,90,91,92].

Similar molecular descriptions have focused on molybdenum dialkyl-dithiocarbamate
(MoDTC) as well, such as by Onodera et al. as MoDTC is a critically important friction modifier
(FM) in the automobile industry [93]. Using a hybrid quantum chemical/classical molecular dy-
namics method, they studied the tribochemical reaction dynamics of MoDTC. They investigated
the dynamic behavior of MoDTC molecule on the rubbing Fe(001) surface and showed the
elongation of Mo — O bonds, forming the Mo,S, and thiocarbamic acid molecules during a fric-
tion simulation. The electronic states of the MoDTC molecule and Fe(001) surface were com-
puted to unveil the detailed mechanism of this bond elongation, and the catalytic effects of
Fe(001) surface to the molecule was found. Extreme friction was also found to influence the
complete Mo — O bond dissociation.

Extensive research has been carried out on the effects of sulfur-containing extreme
pressure (EP) and anti-wear (AW) additives in industrial gear oil formulations. Such chemically
reactive additives are known to decompose under high load and/or high temperature conditions
to form protective, chemisorbed layers on metallic surfaces [94,95]. Attempts by Sarin et al. to
introduce additional components in the form of organomolybdenum friction modifiers have been
investigated [96]. Since friction modifiers are also surface active substances, they may interact
either synergistically or antagonistically with EP/AW additives already present. It has been
shown that the activity of organomolybdenum complexes in multi-component systems can been
influenced by the presence of S donor compounds, such as sulphides and disulphides [97,98].
This study, however, goes further in that it systematically determines the influence of organo-
molybdenum compounds on the EP properties of organosulfur EP additives. It builds on work
by the same group that reported the effect of four organosulfur EP additives (of varying chemi-

28 BAM-Dissertationsreihe



2. State of the Art

cal composition) in a mineral base oil on the friction-reducing properties of organomolybdenum
compounds, using an oscillating friction and wear test apparatus, under point contact conditions
[99] Ultimately it was shown that the additive-additive interactions are highly chemoselective, as
well as dependent upon the composition of the interacting FM-EP pair.

The chemical model of the decomposition of (MoDTC), has been described in the litera-
ture and is provided in Figure 2.20 [100]. Friction reduction mechanisms and wear prevention
by Mo-based friction modifiers involve both chemical reactions between organomolybdenum
compounds and the rubbing contact of metal surfaces [101,102] Similarly, EP performance is
enhanced by organosulfur compounds through the formation of a chemisorbed load-carrying
surface layer between rubbing metal surfaces [103]. Therefore competition for access to the
metal surface contact arises when both Mo-based friction modifiers and organosulfur EP-
additives are present in the same lubricant mixture, which may lead to a reduction in perform-
ance of friction-reducing AW or EP additive, i.e. antagonism.

electron transfer

g s 5
R e || — ™ R
~ 7 -~ < ,f
a) N —C ~ Mo ~Mo f{: N
S 5
R T
b) 2 N —C 2 + 0= Mo* _Mo*=0
S
R q* s
| l
5 MoS, + Mo0,
R~ 7 = R
"N —C C—N
R~ ~s_s” ~R \% o
Thiuram disulfide 5 5 5
y / o Mo,
Mo Mo ~ Mo :
. . ~— molybdenum
S S 3 oxide
Mnﬂzshc-_‘t )

Figure 2.20: LITERATURE: Molybdenum dialkyl-dithiocarbamate (MoDTC) decomposition chemical
model [100].

Due to the negative eco-toxicological properties of MoDTC and similar molybdenum
containing additives, alternative formulations, such as with bismuth substitutes, in the case of
bismuth dialkyl-dithiocarbamate (BiDTC), are sought. This is indeed a reasonable pursuit, as
bismuth-based alternative additives have been shown to be quite effective replacements in
similar contexts, eg. in the substitution of lead naphthenate with bismuth naphthenate as an EP
additive [104]. In conjunction with appropriate metallurgies for enhanced wear protection, eg.
through work hardening, such tribofilm-forming additives can further contribute to improved
wear resistance of downsized components and help to reduce friction-related energy losses.
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3 Experimental Parameters
3.1 Characterization of Materials

3.1.1 Heat Treatment Regimes

The 20MnCr5 samples were subjected to case-hardening at 925 °C for 14 hours in an
atmosphere of nitrogen, methanol and propane. This was followed by deep freezing treatments
at -180 °C, -40 °C and -18 °C for 1 hour each to generate residual austenite contents of 5%,
10% and 15%, respectively. Samples that were to reach 20% residual austenite did not un-
dergo deep freezing treatment. Tempering was then carried out at 180 °C for 2 hours. It is
noted that all samples were heated in the same batch. The main difference in the overall heat
treatment was in the way they were subjected to deep freezing treatments. The temperature
profiles during heat treatment of these samples are provided in Figure 3.1.
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Figure 3.1: Temperature profiles of 20MnCr5 samples during heat treatment.

The chosen heat treatment regime for 20MnCr5, and particularly the extremely rapid
guenching performed, was chosen to generate significant conversion of austenite to martensite.
The optical images of the surface and core regions of heat treated 20MnCr5 in Figure 3.2 show
clear martensitic microstructures. Plate martensite is dominant, particularly in the case-
hardened surface layers where carbon concentrations are highest (see Table 4.1). This is not
uncommon in iron alloys of carbon concentration above approximately 0.8 wt.-%. Such plate
martensite forms and grows in various angular constellations (as opposed to lath martensite),
and allows for residual austenite to remain ensconced between the plates. The austenitic grain
boundaries are, initially, responsible for hindering plate growth. As new martensitic plates begin
to form, they themselves add to the hindrance of new plate growth, resulting in the growth of
progressively smaller plates. As will be discussed later, the types of martensitic microstructures
formed are indeed important as they can have significant influence on the mechanical proper-
ties of the alloys [105,106].
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Figure 3.2: Light microscope images of the surface layer and core of heat treated 20MnCr5.
A comparison of the given temperature profiles to the continuous TTT curve for

20MnCr5 in Figure 3.3 shows that significant martensite would have been yielded at a return to
room temperature.
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Figure 3.3: LITERATURE: Continuous TTT curve for 20MnCr5 (provided by Saarstahl AG) [107].

The case depth achieved is also of critical importance, as this has a significant influence
on the wear resistance the component. Figure 3.4 compares the case depth to the normal
module, as defined by DIN 780, and gives the target area for these values to avoid pitting. The
case depth for the heat treated 20MnCr5 in this work was approximately 2 mm (see Figure 4.3).
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Figure 3.4: LITERATURE: Recommended values of optimum case depth Eht, o regarding surface load
capacity and maximum case depth Eht,, regarding bending and surface load capacity [8].

Both 36NiCrMoV1-5-7 and 45SiCrMo6 were heat treated as per the recommendations
of their respective manufacturers. For 36NiCrMoV1-5-7, heat treatment involved hardening at
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880 °C for 8 hours, followed by repeated annealing at 560 °C. In the case of 45SiCrMo6, hard-
ening was carried out at 900 °C for 5 hours, followed by annealing at 410 °C. Neither
36NiCrMoV1-5-7 nor 45SiCrMo6 was case-hardened. The temperature profiles are given in
Figure 20.
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Figure 3.5: Temperature profiles during heat treatment of 36NiCrMoV1-5-7 and 45SiCrMo6.

Optical images of the core regions of the alternative alloys, after heat treatment are pro-
vided in Figure 3.6. In contrast to the carburized 20MnCr5, the martensitic microstructures ob-
served in the alternative alloys appear more like lath martensite, rather than plate martensite.
This is reasonably expected for low carbon steels, i.e. with carbon concentrations < 0.4 wt.-%
(see Table 4.2), and is particularly visible in 36NiCrMoV1-5-7. The same applies to 45SiCrMo6
as well, though due to the presence of a-Fe grains the microstructures and average grain size
is less uniform [113].

36NiCrMoV1-5-7 45SiCrMo6

Figure 3.6: Light microscope images of the core of heat treated 36NiCrMoV1-5-7 and 45SiCrMo6.
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All testing was performed on twin disk testing rigs, which are described later in section
3.2. Therefore disks of a specified geometry (in this case, cylindrical samples and spherical
counterbodies) were machined, then heat treated, for twin disk testing. The heat treated and
machined disks were then mechanically finished: the cylindrical samples were grinded and pol-
ished, while the spherical counterbodies were simply grinded. The roughness values, R, and
R,, that resulted from mechanical finishing are given in Table 3.1. In essence, a comparison of
operational performance is sought between the case-hardened reference steel and the non-
case-hardened alternative steels, and furthermore, how this operational performance is im-
pacted by the generation of work hardening and chemically reactive tribofilms through targeted
pre-conditioning.

Table 3.1: Roughness values, R, and R,, of mechanically finished cylindrical samples and spherical
counterbodies.

_ Cylindrical sample Spherical counterbody

R (1) R (um) Rs (um) R (um)
20MnCr5 (6% RA) 0.0042 0.0245 0.22 1.52
20MnCr5 (14% RA) 0.0039 0.0237 0.26 1.79
36NiCrMoV1-5-7 0.0070 0.0790 0.19 1.35
455iCrivio6 0.0048 0.0314 0.17 1.30

3.1.2 Elemental Analysis

In Table 3.2, reference elemental concentrations for 20MnCr5 before heat treatment are
provided by the standard DIN EN 10084, the steel mill and an independent spectral analysis by
the ISF at the RWTH in Aachen, Germany [108]. Elemental analyses of the carburized zones
were carried out by several analytical techniques on the 20MnCr5 samples after heat treat-
ment. Multiple analytical methods were implemented to enhance the accuracy of the overall
results and to allow for a comparison between the methods.

Table 3.2: Elemental composition of 20MnCr5 before heat treatment.

- Inspection Spectral
(Wt%) DIN EN 10084 | certificate 3.1 analysis at
from steel mill ISF RWTH
P oa7-022 0.21 0.20
“ <0.4 0.28 0.30
B2 10-13 1.13 1.05
0.8-1.1 1.02 0.99
“ <0.025 0.014 0.013
_ <0.035 0.006 0.005
“ - 0.06 0.06
“ - 0.011 —
Al - 0.02 0.02

Scanning electron microscopy coupled with energy-dispersive X-ray spectroscopy
(SEM-EDX) was the first method employed. A Zeiss Supra 40 scanning electron microscope
with electron beam generation by way of a thermal emission cathode (Schottky-emitter, ZrO/W-
cathode) was used. An in-lens secondary electron detector, SE2 secondary electron detector
and QBSD backscattering detector are built into the microscope. Samples in the electron mi-
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croscope were analyzed under vacuum. Stimulation of the atoms near the sample surface was
done with an acceleration voltage of 10 kV. A maximum resolution of 1.5 nm can be achieved
at this acceleration voltage. The microscope was coupled to a Thermo NSS 3.1 energy-
dispersive X-ray spectrometer with a Bruker X-Flash 5010 3403, Quantax 400 detector. Spark
emission spectroscopy was also carried out on the 20MnCr5 samples using a Spectrolab ana-
lyzer from Spectro Analytical Instruments. Finally, the 20MnCr5 samples were subjected to
electron microprobe analysis. A JEOL Superprobe JXA-8900RL, WD/ED Combined Microana-
lyzer was implemented. Elemental analysis of 36NiCrMoV1-5-7 and 45SiCrMo6 was conducted
by atomic emission spectroscopy (AES), the results of which are found in Table 4.2.

3.1.3 Analysis of Residual Austenite and Residual Stresses

Analyses of residual austenite in 20MnCr5, 45SiCrMo6 and 36NiCrMoV1-5-7 by X-ray
diffraction (XRD) were carried out at the BAM. Measurements were taken on an Xstress X3000
G3 X-ray diffractometer in increments of 0.04° in the (26) angular range of 60° - 160°. A colli-
mator of diameter 3 mm was employed. Measurements were taken using Cr-K, radiation in
accordance with ASTM E975 [109]. To confirm the accuracy of the results, separate analyses
were also done at the TU Berlin. Diffractograms were generated by measurements in incre-
ments of 0.05° in the (26) angular range of 44° - 130°. All measurements were taking using Co-
Ky rays and a round collimator of diameter 3.3 mm. Additionally, a Soller collimator with a di-
vergence angle of 0.7° was used in combination with a LiF-analyzer crystal. The measurement
time was set to 40 s. Determination of the proportions of the individual phases was made using
Rietveld analysis [110,111]. In an attempt to confirm the XRD findings, microstructural analysis
by electron backscattering diffraction (EBSD) was performed. A Leo/Zeiss Gemini 1530 VP
scanning electron microscope, complete with InLens-, SE-, VPSE-, 4QBSD-, EDX-, FSD-,
EBSD-detectors, was implemented up a maximum acceleration voltage of 30kV. The sample
compartment pressure was kept between 1 — 100 Pa. The field emission source was able to
yield a resolution of approximately 1 nm for operations at 15 kV, though pixels of approximately
42 nm were generated in the resulting images.

Residual stress analyses were performed at the BAM. As previously mentioned, Cr-K,
radiation was used, operating at 30 kV and 6.7 mA. The 211-ferrite peak was chosen, with a
26, of 156°. In accordance with the siny method, tilt angles, g, were evaluated between 0° and
+45° in steps of 6°. Additional analyses at the TU Berlin were performed in increments of 0.05°
in the (20) angular range of 96.5° - 102°. The round collimator diameter was 1 mm, and meas-
urement time was 30 s. The tilt angles +/-63.435°, +/- 50.787°, +/-39.232°, +/ -26.565 and 0°
were evaluated.

3.1.4 Hardness Profiling

All hardness testing was completed using a Duramin 10 semi-automatic hardness tester
from Struers, with an Ahotec sample stage upgrade. A diamond indenter in pyramid form with
136° angles was used. A HV 0.2 test load was implemented for all samples. Testing was car-
ried out to a minimum depth of 5 mm for all samples to ensure that any variations in hardness
in the carburization zone of 20MnCr5 would be detected.

3.1.5 SEM-EDX Element Mapping
Multiple methods were used to characterize freshly-generated tribofilms. The first
method employed was scanning electron microscopy coupled with energy-dispersive X-ray

spectroscopy (SEM-EDX). A Zeiss Supra 40 scanning electron microscope with electron beam
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generation by way of a thermal emission cathode (Schottky-emitter, ZrO/W-cathode) was used
for the analysis. An in-lens secondary electron detector, SE2 secondary electron detector and
QBSD backscattering detector are built into the microscope. Samples in the electron micro-
scope were analyzed under vacuum. Stimulation of the atoms near the sample surface was
done with an acceleration voltage of 10 kV, whereby a maximum resolution of 1.5 nm can be
achieved at this acceleration voltage. The microscope was coupled to a Thermo NSS 3.1 en-
ergy-dispersive X-ray spectrometer with a Bruker X-Flash 5010 3403, Quantax 400 detector.

3.1.6 Raman Spectroscopy

The second characterization method chosen was Raman spectroscopy. A WITec al-
pha300 R confocal Raman imaging system was used. The system was equipped with a Peltier-
Cooled CCD low light microscope camera from Andor, a P-527 scanning table of dimensions
200 pm x 200 pum x 10 um from Pl and a 20x objective aperture, fibre core diameter = 100 pm
from Zeiss. A sample scanning area of 160 um x 160 um was chosen to obtain as accurate an
overall picture of the tribofilms as possible. Scans of both inside and outside the wear track
were taken to ensure any peaks assigned to the tribofilms were the result of tribological con-
tact.

3.1.7 XPS

Finally, X-ray photoelectron spectroscopy (XPS) was carried out with an AXIS Ultra DLD
electron spectrometer from Kratos Analytical, UK. XPS spectra were recorded using
monochromated Al Ka excitation at pass energy of 80 eV for survey spectra and 20 eV for the
core level spectra. The source-to-analyzer angle was 60°. The binding energy scale of the
instrument was calibrated following a Kratos Analytical procedure, which uses 1SO 15472
binding energy data [112]. Spectra were taken by setting the instrument to the hybrid mode and
the slot mode providing approximately a 0.7 x 0.3 mm? analysis area.

3.2 Tribological Testing Setups
3.2.1 Amsler Test Rig

Twin disk testing machines provide an optimal basis for experimentation in combination
with a specified surface roughness for operation in a mixed boundary lubrication regime [113].
Slip-rolling testing has been carried out on three tribometers, two of type Amsler (A135) and
one of more modern type Optimol 2Disc. They enable development of a tribological profile
composed of evolution of friction, wear and slip-rolling resistance (fatigue, should it occur) in a
single test. Comparable results have been obtained from both setups, but it is important to note
that each operates with a different load and speed range.

The sample configuration of the Amsler setup is provided in Figure 3.7. In the Amsler
setup, the spherical counterbody disk and the cylindrical sample disk roll against each other. An
electric motor and coupling shafts allow for a fixed sample rotation speed of 390 rpm and a
fixed counterbody rotation speed of 354 rpm. This allows for a continuous slip of 10%. A normal
force is applied via a screw, bolted to a spring, which is capable of delivering up to 2,000 N of
force, i.e. an initial average Hertzian contact pressure of Povean = 1.94 GPa for the chosen
sample configuration. The compression of the spring can also be reduced to allow for testing at
lower contact pressures, e.g. 930 N is commonly applied. These values are not merely random
assignments, but rather are oriented according to ISO 14635-1, whereby the load stage 12 in
the FZG test rig is accurately represented by an average contact pressure Poyean Of 1,250 MPa
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(or Pomax Of 1,875 MPa), and is the most intense and relevant testing procedure currently given
for gear components [12]. The initial contact stress of Povax Of 2.25 GPa, the lowest load ap-
plied in this study, is located above the FZG load stage of 14. The oil bath sits below the sam-
ple at +120 °C, but is in contact with the sample to ensure the lubricant is pulled into contact
with both disks, allowing for mixed boundary lubrication [113].

A.E. sensors—

- — ©@42mm

Figure 3.7: Sample arrangement of the Amsler tribometer.
3.2.2 Optimol 2Disc Test Rig

The sample configuration of the Optimol setup is provided in Figure 3.8. The sample
and counterbody disks sit level with each other. Two electric motors drive rotation of the disks
independently of each other. This allows the amount of slip to be freely adjusted. Lubrication is
driven by a gear pump that is fed from an oil bath below the disks, and pumps lubricant from
above the disks into the contact point of the disks. This allows for greater control of temperature
and circular flow of lubricant. The Optimol 2Disc tribometer is designed for extreme applica-
tions, and can produce normal forces up to 5000 N, i.e. an average Hertzian contact pressure
up to Pomean Of 2.62 GPa. This is accomplished by way of a computer controlled motor that
compresses a spring, fixed between the motor and axel of the cylindrical disk [113].

OoPTIMOUL \

NS TRUMENT S

Figure 3.8: Sample arrangement of the Optimol 2Disc tribometer.

r=21mm
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With the ability of the 2Disc test rig to reach normal forces of 5,000 N, and therefore av-
erage initial Hertzian contact pressures of 2.62 GPa given the chosen ball on cylinder sample
geometries, it becomes clear that extreme conditions well above the most intense FZG test rig
load stages applied for gearing applications can be represented. An overview of the testing
levels applied using the twin disk test rigs is provided in Table 3.3. The expected total deforma-
tion of the samples at the respective testing levels is also given.

Table 3.3: Hertzian contact pressures for the tested sample geometries.

Average initial
Hertzian contact 1.5 1.94 2.5 2.62
pressure, Poyean [GPa]

Maximum initial
Hertzian contact 2.25 2.91 3.75 3.92
pressure, Py, [GPa]

Total deformation/

X 13.4 21.2 37.8 41.2
flatening [pm]

3.2.3 Lubricant Properties

All slip-rolling endurance tests were carried out under lubrication with the synthetic fac-
tory fill engine oil BMW SAE O0W-30 “VP1” (ACEA A3/B4, viy0-c= 5.33 mPas, sulphated ash of
1.20 wt.-%.). This oil was selected for its temperature resistance, which was crucial as all en-
durance tests were run at +120 °C, typical conditions for automobile engines. Table 3.4 pro-
vides an overview of the properties of this lubricant. At an operating temperature of +120 °C
and load values between 0 and 5000 N, the resulting film thickness, with respect to the rough-
ness of the disk surfaces, results in a Tallian parameter < 1, indicating boundary lubrication at
the beginning of testing. The minimum lubricant film thickness, hy,, of VP1 at +120 °C and
normal force Fy = 2,000 N is 0.0252 um, while the roughness values of, for example, 20MnCr5
(6% RA) are Raeyy = 0.0042 pm and Raepny = 0.22. This yields a Tallian parameter of 0.112,
which is clearly less than 1. All other roughness parameters, available in Table 3.1, yield Tallian
parameters similar to this. Further information on the properties of this lubricant is available [5].

Table 3.4: Viscosimetric properties of the synthetic factory fill engine oil BMW FF SAE 0W-30 VP1.

[ |BMwWFFsaEow-30vP1

Viscosity Index 168

Pour Point [°C] 57

N1oo°c [MPa-s] 8.04
Nisorc [MPa-s] 3.34
Vagrc [mm?/s] 57

Vigoec [mm?/s] 10.2
Visorc [mm2/s] 4.42
HTHS [mPa-s] 2.98
otpsc [GPa™] 14.17
O, 150°c [GPa] 11.9
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3.3 Targeted Pre-Conditioning of Testing Materials
3.3.1 Generation of Cold Work Hardening

Cold work hardening was generated in the cylindrical samples using an Optimol 2Disc
tribometer. Table 3.5 provides further details as to the conditions under which pre-conditioning
was carried out. Thorough metallurgical characterization of all steels subjected to slip-rolling
endurance testing, with and without pre-conditioning, has been carried previously [114]. Pre-
conditioning via work hardening was completed using only the synthetic factory fill engine oil
BMW FF SAE 0W-30 “VP1.” Slip was reduced to as close to as close to 0% as possible to help
intensify the work hardening processes. Due to the axial arrangement for the Optimol 2Disc
tribometer, some slip was required to ensure the front spindle did not “climb” out of place. This
phenomenon is a result of the construction of the testing rig. The front spindle is able to pivot
vertically, the motion of which is used to measure friction during testing. Allowing for some mi-
nor slip ensured that the front contact was pulled in a downward motion. Essentially all other
testing conditions were kept equivalent to those for slip-rolling endurance testing. The most
significant factor is the use of polished tungsten carbide rollers and high loads. These hard
metal rollers, with hardness and elastic modulus several times greater than the treated alloys,
are able to generate beneficial compressive residual stresses that later counteract shearing
stresses during endurance testing.

Table 3.5: Experimental parameters for cold work hardening generation using an Optimol 2Disc tribome-

ter.
Property Pre-conditioning parameter

Case-hardened steel:
20MnCr5
Non-case-hardened steels:
36NiCrMoV1-5-7, 455iCrMo6

Materials

Testing disk dimensions Diameter =42 mm, Width =10 mm

Polished cylindrical sample disk vs.

Contact polished WC-6%Ni roller (R = 6 mm)

Type of motion Rolling with approx. 1% slip

Initial average Hertzian

contact pressure Py, 3-8 OP@ (Powe: =5.65 GPa, Fy =4,400 N)

Rotation speed V 390 rpm (cyl.) / 387 rpm (sph.)
Total load cycles n,, 10%

Temperature +120°C

Running-in lubricant BMW FF SAE OW-30 VP1

3.3.2 Generation of Chemically Reactive Tribofilms

The reactive tribofilms were generated only on the cylindrical sample surface using both
the Optimol 2Disc and Amsler type tribometers. Table 3.6 provides further details as to the
conditions under which pre-conditioning was carried out. Additional steels, not initially intended
for this study, were also tested for tribofilm pre-conditioning to observe any differences in sur-
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face substrate reactivity. Two specific lubricant packages were applied to generate chemically
reactive tribofilms on the steel surfaces: Wisura LS514, which is a customized fine cutting fluid
from Wisura GmbH (Bremen, Germany) with an enhanced concentration of CaCO; as the ac-
tive ingredient, and VPX* + Molyvan 822 [CAS: 71342-89-7], which is from Vanderbilt Chemi-
cals, LLC (Norwalk, CT, USA) and comprised principally of molybdenum dialkyl-
dithiocarbamate (MoDTC). These model lubricants and the corresponding tribofilms generated
from them are, henceforth, referred to as LS514 and M822, respectively. The applied additive
concentrations, in the case of M822, of 10 wt.-% are quite high for an EP/AW-additive or friction
modifier, but intended to ensure the rapid formation of the tribofilms within the selected pre-
conditioning time. Tribofilms were generated on the sample surfaces, not on the counterbody
surfaces.

Table 3.6: Experimental parameters for tribofilm generation using twin disk tribometers; *VPX denotes
BMW FF SAE 0W-30 VP1 with reduced additive content, but including anti-oxidation and anti-corrosion

components.
Pre-conditioning parameter

Case-hardened steel:
20MnCr5
Non-case-hardened steels:
36NiCrMoV1-5-7, 45SiCrMo6

Materials

Testing disk dimensions  Diameter = 42 mm, Width = 10 mm

Polished cylindrical sample disk vs.

oLy grinded spherical counterbody (R = 21 mm)

Type of motion Rolling with 10% slip

Initial average Hertzian

contact pressure Pyyean Ry = 2 )

Rotation speed Vg 390 rpm {cyl.) / 354 rpm (sph.)
Total load cycles n,, 104
Temperature +120°C

Wisura LS514 (LS514)

Running-in lubricants 0\ 1 194 Molyvan 822 (M822)

VPX is based on the same base oil as VP1, but is free of detergents, dispersants and
EP/AW-additive in order to exclude unknown side effects from other additives. Partially as a
result of the reduced additive content, it is less viscous than the standard VP1, with kinematic
viscosities of 25 mm?/s and 7 mm?%s at 40 °C and 100 °C, respectively. Colloidal CaCOj is
sterically stabilized by calcium sulphonates and present in lubricants as nanosized patrticles,
which are squeezed out of the formulation in the highly concentrated slip-rolling contact in order
to be smeared onto the surfaces forming a physical film. By contrast, MoDTC is diluted in the
base oil. MODTC forms a thin reaction layer on to surface. The same applies to DBDS and Ir-
galube 349 (see Figure 4.14).

The process of transferring running-in into the mechanical finishing phase must also be
economically viable if it is to find further industrial application. The process as a whole is time-,
and therefore, cost-sensitive. The inner and outer races of bearings provide the best available
surfaces for such applications. Other parameters chosen are standard for the slip-rolling resis-
tance testing that follows.
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3.4 Slip-Rolling Endurance Testing

The relevant parameters for slip-rolling endurance testing have been summarized in
Table 3.7. Testing was carried up to 10’ load cycles, or approximately 19 days. Samples were
deemed to have failed the test if damaged surface areas of 1 mm?® or greater were observed
before reaching 10’ load cycles. Samples that reached 10 load cycles without surface failure
were subjected to profilometry. Four profiles on each sample were taken perpendicular to the
sliding direction spaced at an angle of 90°. Averaging these four profiles allows for deduction of
the planimetric wear surface, W,, which in turn permits the calculation of the volumetric wear
rate k,. The coefficient of friction (COF) was monitored throughout testing with a coupling
shaft/pendulum and linear variable differential transformer (LVDT) mechanism in the case of
the Amsler tribometers, and an in-situ, software-controlled frictional force detector in the case of
the Optimol 2Disc tribometer.

Table 3.7: Experimental parameters for slip-rolling endurance testing.

Case-hardened steel:
20MnCr5
Non-case-hardened steels:
36NiCrMoV1-5-7, 45S5iCrMo6

Materials

Testing disk dimensions  Diameter = 42 mm, Width = 10 mm

Polished cylindrical sample disk vs.

Contact grinded spherical counterbody (R = 21 mm)

Type of motion Rolling with 10% slip

Initial average Hertzian

contact pressure Poyeu, 1.5-2.62 GPa (Fy = 930 - 5,000 N}

42

Rotation speed Vg

Total load cycles n,,

390 rpm {cyl.) / 354 rpm (sph.)

107 (or until damaged surface area > 1 mm?2)

Actual glide path Up to 132 km
Temperature +120°C
Lubricant BMW FF SAE OW-30 VP1
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4 Results and Discussion
4.1 Characterization of Materials
4.1.1 Elemental Analysis

The results of all elemental analyses of 20MnCr5 are summarized in Table 4.1. While
most elemental concentrations obtained from SEM-EDX analysis showed good consistency
with the values obtained before heat treatment, extremely high concentrations of carbon were
detected, even with the consideration that the samples were carburized. This is partially a result
of some carbon already being present in the SEM-column, which often leads to an artificial in-
crease of carbon values. In an attempt to work around this effect, spark emission spectroscopy
was also carried out on the samples. These values, irrespective of carbon, whose values were
considerably lower, showed consistency with the values from SEM-EDX. Spark emission spec-
troscopy cannot focus on as fine an area as SEM-EDX, say, to evaluate purely the boundary
area. This means concentrations from deeper in the sample volume have a greater impact on
overall results. For further comparison, samples were subjected to electron microprobe analy-
sis. Elemental concentrations were measured at discreet distances from the sample volume to
the sample surface. The focus of this analysis was to obtain a more dependable carbon con-
centration. 1SO 6336-5 states an acceptable range in carbon content after carburization of 0.70
to 1.0 wt.-%, up to a maximum of <1.5 wt.-% [7]. All analyses confirmed an increase in carbon
content after case-hardening. The present 20MnCr5 samples lie within the prescribed values,
but the analytical methods differ in the results.

Table 4.1: Elemental concentrations of 20MnCr5 in wt.-% after case hardening and heat treatment de-
termined by SEM-EDX, spark emission spectroscopy and electron microprobe analysis.

SEM-EDX Spark emission spectroscopy Electron Microprobe
(from surface) (from bulk) {Av. 350 umto surface)
SampleA SampleB  SampleC SampleD SampleA SampleB SampleC SampleD SampleA SampleB  SampleC  SampleD

1.77+0.36 1.07+0.26 1.07+0.24 1.39+0.29 0.58 0.56 0.55 0.58 0.81+0.08 1.07+0.26 0.76 £0.07 0.80£0.08

0.30£0.04 0.15£0.03 0.31£0.04 0.39£0.04 0.29 0.28 0.29 0.29 0.27£0.03 0.1520.03 0.26 £0.05 0.29£0.03

1.35+0.06 1.55+0.07 1.07 +0.06 1.52+0.08 1.15 1.14 1.12 1.14 1.19+0.12 1.55+0.07 1.18+0.19 1.21+0.10

0.99£0.05 0.91£0.05 0.88+0.06 0.98+0.06 1.02 1.02 1.01 1.02 1.01+£0.10 0.9120.05 0.99+0.14 1.03£0.09

95.59+2.14 96.33%2.16 96.67%2.66 95.72:2.67 = = = = 95.13+0.87 96.33%2.16 95.39:0.92 95.6320.78

0.014 0.013 0.012 0.013

0.007 0.005 0.006 0.006 0.01+0.00 = 0.01£0.01 0.01£0.01

In Table 4.2, elemental concentrations of 36NiCrMoV1-5-7 and 45SiCrMo6 are pro-
vided. The heat resistant steel 36NiCrMoV1-5-7 has nearly 1 wt.-% less manganese and 0.4 —
0.7 wt.-% greater chromium content compared to 20MnCr5, as well as 0.80 wt.-% molybde-
num, which proves to be highly advantageous in terms of its high temperature strength. A car-
burization was not carried out because recent slip-rolling tests have shown that a carburization
for wear resistance in not consequently needed [115]. Other significant advantages of include
its critical cooling speed, i.e. the speed at which the first martensitic structures appear, which is
reduced, leading to improved hardenability. Furthermore, the tempering brittleness is also re-
duced due to its high nickel content, which is very important for heat resistant steels. Fine grain
formation is also stimulated, which helps to yield a much more homogenous overall structure.
Additionally, yield points and strength both show significant increases [116]. The high-
temperature strength is a significant advantage of this steel, as it is able to be tempered at over
450 °C.
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The steel 45SiCrMo6 is alloyed with an increased silicon content of 1.5 wt.-% Si and is
used as a spring steel. This steel has shown strong performance in terms of a low coefficient of
friction under mixed/boundary lubrication [113]. It has been proven to be slip-rolling resistant up
to 10 million load cycles at Powax = 3.8 GPa. In spite of such impressive wear resistance, this
steel, like 36NiCrMoV1-5-7, is not case-hardened. 45SiCrMo6 was chosen for further investiga-
tion based on these results, and because it shows work hardening tendencies [113]. During
heat treatment, the silicon must be kept in solution in order to preserve solid solution strength-
ening and to avoid precipitation of brittle silicides. This spring steel, has a high annealing tem-
perature of 410 °C, allowing it to be subjected to high temperature coating processes. Ultimate
tensile strength, 0.2 % yield strength, elongation (5d) and impact strength KCU have been ob-
tained at the higher tempering temperature [117].

Table 4.2: Elemental concentrations of 36NiCrMoV1-5-7 and 45SiCrMo6 in wt.-%.

| c s /M| P | S | G | Mo | Ni V|

Standard

— 0.33 0.25 0.20 0.003 0.002 1.50 0.80 3.00 0.30
Specifications
SENICrMoVE=S-# Su.p.pl er 0.33 0.25 0.20 0.003 0.002 1.50 0.80 3.00 0.30
Specifications
AES 0.40 0.25 0.25 0.005 0.002 1.65 0.79 3.49 -

e 0.42-0.50 1.30-1.70 0.50-0.80 <0.025 <0.025 0.50-0.80 0.20-0.30 = =

Specifications
43SiCriMos Su_p.plle_r 0.461 1.35 0.65 <0.009 <0.0015 0.62 0.22 0.03 0.11
Specifications
AES 0.48 1.48 0.65 <0.001 <0.001 0.62 0.23 0.03 =

4.1.2 Residual Austenite

The stated goal of the targeted heat treatment for 20MnCr5 was to obtain distinct sam-
ple groupings on the basis of residual austenite content. For the sample groupings previously
denoted A through D, residual austenite content values of 6.3 £ 0.9 vol.-%, 7.6 + 2.1 vol.-%,
12.1 £ 1.3 vol.-%, and 14.2 + 2.2 vol.-%, respectively, were determined by XRD analysis at the
TU Berlin. These results were confirmed through independent analysis at the BAM. While varia-
tions in deep freezing treatment have been shown to have a significant effect on residual aus-
tenite content, complete control of microstructural transformations via deep freezing was not
achieved. The upper and lower limits of the sample groups, in terms of residual austenite, are
clearly distinct, but sample groups B and C show some statistical overlap with A and D, respec-
tively.

For the case-hardened 20MnCr5, a particular focus was put on microstructural composi-
tion directly below the surface. With this in mind, EBSD was deemed an appropriate method to
confirm the findings from XRD analysis. EBSD was employed to give both visual images and
guantitative distributions of structural entities in the material. Images from the EBSD analysis of
a 20MnCr5 sample from group D can be found in Figure 4.1. The size of the pixels, however, is
only 42 nm and is thus limited to the upper surface regions. EBSD can also assign
crystallographic phases to each pixel, e.g. ferrite, austenite or cementite. The results obtained
were more difficult to interpret than those from X-ray diffraction. A large proportion of the
distributions (assigned as black dots) did not give readable signals and could not be correctly
indexed, which resulted in the structures found in these regions being unable to be correctly
characterized. It is noted that EBSD offers a much higher resolution than X-ray diffraction but is
far more localized, i.e. it operates on the order of nanometres. This means that the focus of
these measurements was directly at and absolutely on the sample surface. In some cases, the
mechanical finishing carried out after heat treatment, namely grinding and polishing, can trigger
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the phase transformations of the austenite present at the treated surface. In this particular
case, it is suspected that the residual austenite present after heat treatment was so metastable,
that it was able to undergo phase transformations quite easily during the mechanical
processing. Similar results are already available in the literature [118]. As a result,
characterization by EBSD of this material is seen as extremely difficult in terms of austenite.

Ferrite 85.1%
Austenite 0.936%

Zero solutions 13.9%

Ferrite

[001]

(111]
[101

Figure 4.1: EBSD analysis of 20MnCr5 (14.2 + 2.2 % residual austenite by XRD) on the tribological sur-
face comprised of A) Phase Map, B) Pattern Quality and C) IPFZ Map.

Further attempts to improve sample preparation were made with the intention of
obtaining more favourable results. Mechanically processed samples were electrolytically
polished in order to yield a more homogeneous sample surface for analysis. The logic here was
to eliminate any possible shadow effects from uneven surface structures that may have
occured during the intitial EBSD analysis. In spite of this, a significant improvement in results
was not seen. Therefore the results of EBSD would match those from XRD if one assumes the
transformation of the austenite to martensite (cubic body centered) can be assigned to the
“black dots.” As sample preparation can have a significant influence over the outcome of
measurements by EBSD, which is highly sensitive to residues from polishing, it must be very
carefully considered. This includes the mechanical processing of the materials after heat
treatment. Other methods for sample preparation, such as reactive ion etching (RIE), as well as
those implemented in a study by Wang et al., deserve consideration [119].

Both 36NiCrMoV1-5-7 and 45SiCrMo6 are described by their respective manufacturers
as martensitic steels, and were heat treated to yield extremely low residual austenite contents.
Both samples indeed showed very little residual austenite. XRD measurements at the TU Berlin
found residual austenite contents of 1.6 + 0.3 vol.-% for 36NiCrMoV1-5-7 and 1.9 + 0.3 vol.-%
for 45SiCrMo6. Attempted confirmation by XRD analysis at the BAM was able to confirm that
36NiCrMoV1-5-7 and 45SiCrMo6 have less than 2.5 vol.-% residual austenite. More precise
results could not be obtained, as this was below the detection limit for the diffractometer used.
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Results from EBSD analysis of 36NiCrMoV1-5-7 and 45SiCrMo6 after slip-rolling testing at
Povean = 2.5 GPa are available in Figure 4.2. Measurements were taken from 7 mm below the
wear track, which means the measured area showed essentially no direct exposure to load
stresses than areas directly at the sample surface and can, consequently, be compared more
reasonably to results for 20MnCr5 in the heat-treated state.

36NiCrMoV1-5-7 45SiCrMo6

Ferrite 77.7% - Ferrite 86.1%

L

Zero solutions 22.3% AR e NE Zero solutions 13.9%

Ferite

Figure 4.2: EBSD analysis of alternative alloys (36NiCrMoV1-5-7: 1.9 + 0.3 % residual austenite,
45SiCrMo6: 1.6 + 0.3 % residual austenite, by XRD) on the tribological surface comprised of A) Phase
Map, B) Pattern Quality and C) IPFZ Map.

The images confirm the starkly martensitic character of these steels. More specifically,
lath martensite is quite prominent, which is quite typical for low carbon steels, i.e. C < 0.4 wt.-%
[113]. In the case of 45SiCrMo6, the enhanced silicon content (through solid solution strength-
ening) plays an important role in conjunction with this martensitic character. It has been re-
ported in the literature that silicon alloying can yield benefits to tensile strength, hardenability
and rolling contact fatigue life time [120]. Notably, silicon alloying can reduce the development
WEAs and DEAs by preventing the formation of silica-based oxide inclusions [121]. Further-
more, it has also been reported that silicon alloying can serve as a replacement for costly
chromium in bearing steels, while still maintaining high hardness [122]. As in the case of
20MnCr5, a substantial proportion of the scanned sample surface remained as unindexable
“zero solutions.” This again has much to do with the martensitic distortion through heat treat-
ment and load stresses. The result is that the scanning software cannot unequivocally identify a
single lattice structure, and these areas remain black.

4.1.3 Hardness Profiles (heat-treated state)

As previously stated, all hardness depth profiles after heat treatment are given in Figure
4.3. Fairly typical hardness depth profiles are observed for the case-hardened 20MnCr5. A
hardness of between 700 — 720 HV was reached directly at the sample surface. The case
depth of case-hardened 20MnCr5 was determined to be approximately 2 mm. A consistent
drop in hardness towards the end of the carburization zone is observed. This lower hardness
outside the carburization zone is in line with the data from the manufacturer. It is noted that
variations in residual austenite content did not have an identifiable influence on material hard-
ness. This is an important consideration when selecting heat treatments to improve the quality,
particularly in terms of wear performance, of low-cost materials.

The non-case-hardened high performance steels 36NiCrMoV1-5-7 and 45SiCrMo6
showed hardness profiles after their respective heat treatments that are consistent with data
from the manufacturer. As neither of these steels was case-hardened, lower hardness was rea-
sonably expected. The advantage of these steels lies with their affinity towards work hardening
under high contact pressures previously mentioned with reference to studies by Scholz et al.
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[113]. For 45SiCrMo6, the enriched silicon content is a contributing factor, as this has been
shown in other, related studies to enhance work hardening [123]. Combined with the lack of
need for energy- and time-intensive carburization processes, these steels may offer a signifi-
cant economic advantage in achieving strong wear performance.

800

~+-20MnCr5, A -=-20MnCr5, B

700 20MnCr5, C --20MnCr5,D

—-=36NiCrMoV1-5-7 =-45SiCrMo6
600 \

Micro-hardness HV 0.2

500

Case depth for 20MnCr5

400 T T T T T T T T T
0.0 0.5 1.0 15 2.0 2.5 3.0 3.5 4.0 4.5 5.0

Depth from the surface [mm]

Figure 4.3: Micro-hardness depth profiles of case-hardened (case-hardened) 20MnCr5 steel,
36NiCrMoV1-5-7 (not case-hardened) and 45SiCrMo6 (not case-hardened) in the heat-treated state.

Values of influential mechanical properties of the examined steels are provided in Table
4.3. Particular focus is put on properties that have a significant impact on wear performance.
The higher surface hardness of 20MnCr5 from case-hardening is most important for improve-
ment of its wear performance. This higher hardness and the greater concentration of carbon in
the carburization zone are more representative of a hardened SAE E52100, or 100Cr6/102Cr6
(useful in many bearing applications) than a non-case-hardened 20MnCr5. Consequentially,
this case-hardened 20MnCr5 receives the benefits of a through hardened steel while also
maintaining a relatively ductile core, i.e. reduced brittleness and, therefore, susceptibility to sub-
surface cracking.

Table 4.3: Mechanical properties of 20MnCr5, 36NiCrMoV1-5-7 and 45SiCrMo6.

20MnCr5 36NiCrMoV1-5-7 455iCrMo6

Residual Austenite [%] 6.3/14.2

E-Modul E [GPa] 210 215 198
Density p [g-cm?] 7.85 not available 7.8
Strain [%)] =10 =12.5 =10
Hardness [HRC] 61 (after carburization) =54 51.1
Fracture Toughness K.[MPa-m'/2]  core/surface=280/22 121 80
Charpy Toughness KV [J] 25 30 10
Tensile Strength R, [MPa] =900 1474 = 1600
Annealing Temperature T[*C] 150-200 >450 410
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The high fracture toughness of the alternative steels, particularly 36NiCrMoV1-5-7,
where some calcium sulfide (CaS) as well as aluminum oxide (Al,O3z) and magnesium oxide
(MgO) inclusions resulting from the calcium-argon treatment (CAB) throughout the sample bulk
are present, is noted. This high fracture toughness can partially be attributed to the lath mart-
ensite found in the heat-treated alternative alloys, in contrast to the predominantly plate mart-
ensite found in 20MnCr5. This is substantiated by research conducted by Yokota and Lai [124].
By subjecting three different Fe-Ni alloys (two of predominantly lath martensite and one of pre-
dominantly plate martensite) to Charpy imact testing, they were able to determine that the plate
martensitic alloy showed significantly lower impact strength and fracture toughness than the
other two alloys. An essentially uniform increase in impact strength and decrease in yield
strength with increase in grain size was observed for all three alloys. Lath martensite typically
has a more uniform substructure than plate martensite and is absent of twins. It has also been
suggested that a decrease in ductility should result in plate martensite structures containing
internal twins because the potential for deformation is lower [125]. In addition, deformation
twinning frequently occurs where plates martensite form at impinging angles to one another
[126].

Strong resistance to crack formation, which can begin at sub-surface imperfections, and
crack propagation is crucial in preventing critical material failure. The high tensile strength of
both high performance steels is significant. This is particularly true for 45SiCrMo6, which is
used for springs and torsion bars that are exposed to heavy workloads. Though the applied
endurance testing loads may not be high enough to generate extensive work hardening, some
plastic deformation can be expected.

4.1.4 Residual Stress Profiles (finished state)

The residual stress profiles for 20MnCr5 (from groups A and D, i.e. 6 and 14 % RA),
36NiCrMoV1-5-7 and 45SiCrMo6 in the finished state, i.e. after heat treatment, grinding and
polishing, are given in Figure 4.4. Residual stress profiles of 20MnCr5 are very similar for both
residual austenite contents. The profiles from after heat treatment and machining begin be-
tween -400 and -600 MPa. These compressive stresses are primarily a result of grinding and
polishing during the mechanical finishing process, as such stresses can be introduced both by
tribological manufacturing processes, as well as tribological operating processes. Alternatively,
it is also possible to encounter such profile shifts when changes in component dimensions oc-
cur during mechanical finishing. The profiles then level off to approximately -200 MPa, which is
a direct result of the case-hardening process. Since case-hardening was carried out to a depth
of approximately 2 mm (see Figure 4.3), these stresses are well within the expected range.

Residual stress profiles of 36NiCrMoV1-5-7 and 45SiCrMo6 in the heat-treated state,
both not having been case-hardened, still show some overlap with the profiles of case-
hardened 20MnCr5 directly at the sample surface. This indicates that the residual stresses ob-
served after grinding and polishing are proportionally greater in the alternative steels than in
20MnCr5. This is unsurprising as these steels were chosen for their propensity to undergo work
hardening, though this is discussed later in greater detail. From directly below the surface on,
the profiles of the high-performance steels level off to essentially 0 MPa, because these mate-
rials were not case-hardened.
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Figure 4.4: Residual stress depth profiles (calculated using the sin’y method) for 20MnCrb,
36NiCrMoV1-5-7 and 45SiCrMo6 in the finished (heat treated, grinded and polished) state.

4.2 Cold Work Hardening
4.2.1 Residual Stress Profiles

Residual stress profiles for all alloys after cold work hardening are given in Figure 4.5
and Figure 4.6. The initial observation is that the residual stress profiles of 20MnCr5 are very
similar for both residual austenite contents. After cold work hardening of 20MnCr5, the increase
in maxima of compressive residual stresses to approximately -1200 MPa can be observed at a
depth of 0.6 mm. It has been shown that such stresses in the range of 10 to 20% of the operat-
ing Hertzian contact pressure reduce the amount of equivalent stresses in the most heavily
impacted areas of the material, and can help to increase the operating lifetime as well, indicat-
ing the beneficial qualities of compressive residual stresses [56]. The presence of such
stresses is a strong indication of the effects of cold work hardening, primarily on the martensitic
transformation of available residual austenite near the surface layer. Alternatively, grain refine-
ment may also play a crucial role in the shifting of residual stress profiles, particularly where
little residual austenite is available to be transformed into martensite. Additionally, material de-
formation and changes in grain size can be observed by evaluation of the full width at half
maximum values (FWHM) of the XRD peaks, though these have not been provided. A de-
crease in diffraction peak width is indicative of increased plastic deformation, while an increase
in diffraction peak width is indicative of decreased crystallite, or grain, size.
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Figure 4.5: Residual stress depth profiles (calculated using the sinztp method) for 20MnCr5 after cold
work hardening.

The martensitic transformations that occur during cold work hardening are not unlike the
those that occur during the quenching stage of heat treatment of the case-hardened samples,
where the initial carburization leads not only to delayed transformation during direct hardening,
but also to a reduction of the martensite temperature. The transformation begins directly be-
neath the surface layer and propagates into the core. Through the accompanying increase in
volume that occur with the transformation of austenite to martensite, the still partially austenitic
surface layer is plastically elongated. The delayed transformation of the surface layer material-
izes from the inside out, where the resulting increase in volume brings desired compressive
residual stresses.

Mechanical surface treatment is able to accomplish the same transformations. Related
processes through techniques such as the commonly implemented shot peening, are ad-
dressed in the literature [127].There is room to optimize the depth of the compressive stress
maxima and of the treatment time (number of cycles). This is seen in the residual stress profiles
for 20MnCr5 after cold work hardening by 10,000 load cycles and slip-rolling endurance testing
up to 107 load cycles (see Figure 4.24). Notably, 10,000 slip-rolling cycles at an oil temperature
of +120 °C under Povean = 3,800 MPa were sufficient to generate microstructures typically pre-
sent after slip-rolling endurance tests. This is illuminated in Figure 4.24, where compressive
residual stresses from microstructural transformations achieved by pre-conditioning were stable
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up to 10’ cycles in the case of 20MnCr5. A reduction of the previously introduced compressive
residual stresses through unavoidable shear stresses is observed. A worthwhile goal would be
to optimize pre-conditioning so that the compressive residual stress maxima lie in the same
area as the expected shear stress maxima to counteract shearing effects that can lead to in-
creased wear. Therefore the optimization of surface treatment parameters, for example by re-
ducing the applied load to give a contact pressure of Poyean = 1.94 GPa or by running surface
treatment at higher temperatures, say +140 °C as opposed to +120 °C, may still yield strong
compressive stress maxima, but closer to the location of typical shear stress maxima.

Residual stress profiles of non case-hardened 36NiCrMoV1-5-7 and non case-hardened
45SiCrMo6 before cold work hardening appear relatively similar to those of case-hardened
20MnCr5, though they level off to 0 MPa since these materials were not case-hardened. Simi-
larly, a strong increase in compressive residual stress is observable after cold work hardening.
In both cases, residual stress values beyond -1000 MPa are not observed. One possible rea-
son why fewer compressive residual stresses were introduced compared to 20MnCr5 could be
the low contents of residual austenite after heat treatment and mechanical finishing, i.e. at un-
der 2% for both alternative alloys. This would result in fewer martensitic transformations, mak-
ing the alternative alloys more dependent on grain refinement for alteration of their residual
stress profiles. The effects of such grain refinement can be seen in Figure 4.8, where the con-
tact zones appear brighter than the surrounding material.
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Figure 4.6: Residual stress depth profiles (calculated using the sin@ method) for 36NiCrMoV1-5-7 and
45SiCrMo6 after cold work hardening.
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It must be noted that with increased depth of measurement, achieved by electrolytic pol-
ishing of the surface substrate, comes less accuracy in the residual stress values obtained.
Therefore measuring to depths much greater than 0.7 mm would be futile, as these depth val-
ues would begin to reside within each other's margin of error. Here, too, it is worth noting that
the compressive stress maxima lie much deeper than typical sheer stress maxima from slip-
rolling. Examples are available in work done by Scholz [113]. As previously mentioned, com-
pressive stresses introduced through cold work hardening would be most beneficial were they
to be found in the same areas as slip-rolling generated shear stress maxima.

4.2.2 Hardness Profiles

Changes in the surface layer hardness profiles can also be indicative of cold work hard-
ening. The effects are especially apparent from profiles measured across the treated surface,
rather than into the material. The profiles were taken from all samples after surface treatment at
Pomvean = 3.8 GPa up to both 1,000 and 10,000 load cycles. In the case of 20MnCr5, profiles
were also taken after surface treatment up to 10,000 load cycles and slip-rolling endurance
testing at Povean = 1.5 GPa up to 10" load cycles. A significant increase in surface layer hard-
ness, up to approximately 760 HV, can be observed after both 1,000 and 10,000 load cycles.
20MnCr5 with 14% residual austenite showed a stronger increase than did 20MnCr5 with 6%
residual austenite. This may be an indication that residual austenite does have an influence
over the work hardening behaviour of this reference steel. Significant differences in friction and
wear behaviour as a result of residual austenite content are not observed later in slip-rolling
testing (see section 4.4.1). Regardless, this is a strong indication that 1,000 load cycles are
sufficient to generate cold work hardened 20MnCr5 surface substrates at Poyean = 3.8 GPa.
Considerations can be made, on whether even a contact pressure of Poyean = 1.94 GPa is suffi-
cient to produce similar effect after both 1,000 and 10,000 load cycles. Thus, cold work harden-
ing can be achieved faster.
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Figure 4.7: Microhardness profiles across sample surface of case-hardened 20MnCr5 after cold work
hardening, and after cold work hardening and slip-rolling endurance testing.

Cold work hardened and slip-rolling endurance tested 45SiCrMo6 and 36NiCrMoV1-5-7
hardness profiles are not available, because both materials failed before reaching 10’ load cy-
cles. The deterioration of the alloys under this pre-conditioning regime is discussed in greater
detail in section 4.4.2. As is the case with 20MnCr5, a significant increase in surface layer
hardness of cold work hardened samples can be observed after both 1,000 and 10,000 load
cycles for both steel substrates. The increases in hardness for 45SiCrMo6 are more pro-
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nounced, however, after 10,000 load cycles at 2.5 GPa, which may indicate that 1,000 load
cycles are not sufficient to generate the desired plastically deformed surface profile.
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As previously mentioned, the whitening of the contact areas, seen in the optical micro-
scope images of the material cross-sections, is indicative of a combination of grain refinement
and material hardening, the former of which contributes to the alteration of residual stresses.
Such whitened areas are observable in both the reference alloy and the alternative alloys,
meaning that the work hardening observed in all materials is influenced by grain refinement.
Since the alternative alloys have extremely low residual austenite contents, i.e. under 2%,
these alloys are particularly dependent on such grain refinement to achieve work hardening,
while 20MnCr5, with its higher residual austenite content, can achieve work hardening through
both grain refinement and the conversion of austenite to martensite. These considerations help
to explain why 20MnCr5, which on paper appears to be a weaker alloy, still yields good per-
formance in practice.

4.2.3 Residual Stress Profiles from Optimized Cold Work Hardening

It was previously mentioned that pre-conditioning through generated cold work harden-
ing resulted in such severe deformation of the non-case-hardened steel surface substrates that
these steels experienced critical surface failure well before reaching 10’ load cycles in slip-
rolling endurance testing. Therefore the optimization of pre-conditioning parameters to induce
cold work hardening has been undertaken. The alterations made are summarized in Table 4.4.
The most significant change made to the experimental parameters was the substitution of the
initial hard-metal rollers with new rollers of the same material, but with a less severe curvature
(Rwe = 21 mm). The new hard-metal rollers with a larger curvature that is equivalent to the
regular spherical counterbodies produce surface deformation that is less extreme than previ-
ously observed, and has contributed to improvements in friction and wear performance, dis-
cussed later in section 4.4.3.

Table 4.4: Summary of optimized pre-conditioning parameters.

Intial Parameter Optimized Paramter

WC-roller (radius of curvature = 6 mm) WC-roller {radius of curvature =21 mm)

Hertzian contact pressure Pypsez, = 3.8 GPa (Pgy. = 5.65 GPa)  Hertzian contact pressure Pgpazn = 2.5 GPa (Pgye = 3.75 GPa)

Lubricant temperature =+120 °C Lubricant temperature = +140 °C
Rotational speed (cyl./sph.) = 390 rpm / 387 rpm Rotational speed (cyl./sph.) = 1200 rpm / 1188 rpm
Duration of pre-conditioning = 26 min. Duration of pre-cenditioning = 8 min.

The residual stress depth profile for 36NiCrMoV1-5-7 after optimized cold work harden-
ing is given in Figure 4.9. In contrast to the residual stress profiles from before, i.e. non-
optimized cold work hardening, greater compressive stresses are observable directly at the
surface. It must be noted, however, that significant statistical deviation in the magnitude of
stress is present, which likely points to effects from shearing stresses, which would be most
severe at the sample surface. A second contrast to the profiles from before optimization is the
increase in compressive stresses toward the sample depth of 800 um. This is related to the
third contrasting profile feature, namely, that although this increase is statistically legitimated, it
is still unclear if this represents the true maximum of compressive residual stress, because
measurements at greater depths would lead to significant statistical deviation in the measured
magnitude of stress. Whether the optimization of testing parameters to generate cold work
hardening has been truly effective will be discussed further in terms of material hardness in the
next section, and furthermore, in terms of slip-rolling endurance in section 4.4.3.
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Figure 4.9: Residual stress depth profile (calculated using the siny method) for 36NiCrMoV1-5-7 after
optimized cold work hardening.

4.2.4 Hardness Profiles from Optimized Cold Work Hardening

Analyses of material hardness after optimized cold work hardening (and additionally
after slip-rolling endurance testing as well) were conducted in the same manner as before pa-
rameter optimization. Again, profiles from across the contact surface area have been made
available (see Figure 4.10 and Figure 4.11). In Figure 4.10, the profiles of 20MnCr5, with 6%
and with 14% residual austenite content, are compared. There does not appear to have been
strong hardness increases generated in the case of lower austenite content, or a white etching
region as seen previously in Figure 4.7. This holds true for both after pre-conditioning, as well
as after pre-conditioning and 10" cycles of endurance testing. Some minor increases in surface
hardness are likely to have occurred, however these would be below the resolution limit of the
hardness testing method applied. For the case of higher austenite content, increases in hard-
ness are more clearly observable in the contact zone, though like the lower austenite content
case, these increases in hardness are more subtle than from work hardening through the non-
optimized hard metal rollers.
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Figure 4.10: Microhardness profiles across sample surface of case-hardened 20MnCr5 after optimized
cold work hardening + slip-rolling endurance testing.

In Figure 4.11 the profiles of the non-case-hardened alternative alloys are provided for
comparison. As was the case with 20MnCr5 (14% RA) observable increases in surface hard-
ness can be observed, though these increases are, again, not as strong as observed before
optimization. For 36NiCrMoV1-5-7, the increases exclusively from pre-conditioning are particu-
larly subtle, but still observable. The increases become more pronounced with increasing en-
durance testing load. For 45SiCrMo6, the hardness increases are more clearly defined than for
36NiCrMoV1-5-7, though again, less pronounced compared to cold work hardening without
optimization. Some white etching areas are observed in the contact zones. This whitening is
most visible in 36NiCrMoV1-5-7.
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Figure 4.11: Microhardness profiles across sample surface of non-case-hardened high-performance
steels, 36NiCrMoV1-5-7 and 45SiCrMo6, after optimized cold work hardening, and after optimized cold
work hardening + slip-rolling endurance testing.

4.3 Tribofilm Generation

4.3.1 SEM-EDX Element Mapping

The process of transferring running-in into the final phase of mechanical finishing must
also be economically viable if it is to find further industrial application. The process as a whole
is time-, and therefore, cost-sensitive. The inner and outer races of bearings provide the best
available surfaces for such applications. Other parameters chosen are standard for the slip-
rolling resistance testing that follows. Following tribofilm generation, the samples were analyzed
by SEM-EDX with Element-Mapping. The tested surface areas were compared with the un-
tested areas of the surface substrate in order to determine a difference in concentration of par-
ticular elements. Because the staging area of the SEM has limited space, all samples had to be
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prepared by separating a sliver of tribofilm-treated surface from the bearing for further analysis.
The same applied for XPS analysis.

It is important to pay close attention to the contact pressure applied, because some
steels, such as 36NiCrMoV1-5-7, can show greater wear resistance at higher contact pres-
sures. The same applies to the potential for work hardening, such as in 45SiCrMo6, which can
influence the adhesion ability of tribofilms to the surface substrate. It was also shown in previ-
ous work by Scholz, that many tribofilms are generated more effectively at higher contact pres-
sures [113]. Therefore it is important to fit the applied contact pressure to the particular material
being tested.

Testing on 20MnCr5 in Wisura LS514, at different contact pressures was carried out in
an attempt to optimize the contact pressure needed for the quick and efficient generation of
reactive tribolayers. At Poyean = 1.5 GPa, Ca, C and O (see Figure 4.12) were found only in
small creases in the wear track. At Povean = 1.94 GPa, the concentration of Ca, C and O were
found to be significantly stronger in the wear track alone. At Poyean = 2.5 GPa, only C was de-
tected, though not exclusively within the wear track. These results speak to the ability of this
steel substrate to allow the generation of tribofilms: a contact pressure of Pomean Of 1.5 GPa is
too low for the generation of a tribofilm within 10,000 cycles for “squeezing” out additives and
nano-sized additives as well as active film formation, but contact pressures of Poyean = 2.5 GPa
or higher are too high, because even when a tribofilm is generated, it is quickly worn away
through mechanical wear.

Wisura LS514 at Poyean = 1.5 GPa, Pgpean = 1.94 GPa and Pgyean = 2.5 GPa.

Initial results of tests with Wisura ZO 3180 Plus (similar to LS514) at Poyean = 1.94 GPa
proved to be extremely positive. On all tested steels, except for the additionally tested 102Cr6,
the elements Ca, C and O were much more concentrated on the tested surface area compared
to the untested area, which was also in contact with the lubricant during testing. This further
supports the finding that a given contact pressure is necessary for the generation of reactive
tribofilms. Furthermore, the elements Fe and Cr appeared to be much weaker in the tested ar-
eas, which indicate that they were, in fact, covered by a reactive tribolayer.

In the case of 102Cr6, the distribution of elements was not so clear. For virtually all de-
tected elements, traces could be found both within and outside of the wear track. At closer in-
spection, stronger traces of Ca, C and O could be found within the wear track, though only in
um wide areas of greater wear. This is a possible indication that a certain amount of surface
wear is necessary for the elements of a tribologically induced protective layer to adhere to a
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given surface substrate. Results from the Element-Mapping of 20MnCr5 and 102Cr6 are pro-
vided below. All other steels showed nearly identical results to 20MnCr5, and are, therefore, not
depicted.

Testing in VPX + 10% Molyvan 822 (molybdenum di-n-butyl-dithiocarbamate (MoDTC)
in oil) was carried out. MoDTC is not present in the VP1 used for slip-rolling endurance tests
and act as a “tracer.” Strong positive results were observed at Poyean = 1.94 GPa. Significantly
higher concentrations of Mo (found only in MoDTC) and O were observed in the wear track in
comparison to outside the wear track. Furthermore, a reduced concentration of Fe was also
observed in the wear track, a strong indication of the formation of a tribologically induced pro-
tective layer. Further testing with this additive on other material surface substrates is being
considered. Most importantly, the molybdenum from the MoDTC can be easily distinguished
from the Zinc (ZDDP) present in the VP1 engine oil.

Figure 4.13: SEM-EDX Element-Mapping of 20MnCr5 from inside and outside the wear track after 10*
load cycles under Pgyean = 1.94 GPa in Wisura ZO 3180 Plus (left) and VPX + 10% Molyvan 822 (right).

) Ca Bl

Other additive testing was less successful, and therefore not incorporated further into
this study, though the results are worth mentioning. Testing in Wisura LS 516 (sodium sulfate-
based) at 2.5 GPa was less successful, as virtually no traces of Na and S were found at all.
Furthermore, testing with VPX + 10% Molyvan A (molybdenum di-n-butyldithiocarbamate in
powder form) and VPX + 10% Desilube 88 (sodium thiosulfate) has not been successful, thus
far. The suspicion here is that the additive particles are not sufficiently dispersed in the lubri-
cant, which hinders them from being in contact with the impacted surface substrate. Therefore,
three different dispersants from Giovanni Bozzetto S.p.A. (Filago, Italy) were obtained: Hydro-
dis 253 BS (naphthalene sulfonate with low molecular weight), Hydrodis 100 Na (naphthalene
sulfonate with high molecular weight) and Kelcor 1265 (oil-soluble phosphonate). Further test-
ing has not yet yielded positive results. In the case of Desilube 88, a solvent more polar than
the oil-based lubricants used thus far may be required in order to unleash the reactive potential
of this additive [128]. Other possible dispersion processes for similar additives are also de-
scribed in the literature, and may be applicable [129].

Two newly tested additives, Irgalube 349 [80939-62-4] from BASF, an organic com-
pound with active amino-phosphates and in parallel dibenzyl! disulfide (DBDS, [150-60-7]) from
Merck, have positively contributed to the generation of new reactive tribolayers. Testing in Ir-
galube 349 yielded strong concentrations of P and O (i.e. phosphates) in the wear track, though
nitrogen was not found above the limit of detection. This is unsurprising, as the excitation en-
ergy required for nitrogen signals is very minimal, which would make adjusting the applied ac-
celeration voltage needed for simultaneous detections of other, heavier elements extremely
difficult. Strong concentrations of S and O from DBDS were also detected in the wear track.
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A) Irgalube 349 B) DBDS
uncontacted surface LT P
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uncontacted surface

Figure 4.14: SEM-EDX Element-Mapping from inside and outside the wear track of A) 45SiCrMo6, tested
in VPX + 10% Irgalube 349 and B) 20MnCr5, tested in VPX + 10% DBDS at +120 °C, Poyean = 1.94 GPa
up to 10,000 cycles.

4.3.2 Raman Spectroscopy

Although SEM-EDX Element-Mapping provides clear visual images of generated tri-
bofilms, it does not definitively prove what the molecular composition of these films is. It only
shows which elements are involved. With this in mind, Raman spectroscopy was carried out on
LS514 and M822 tribofilms, the spectra for which are given in Figure 4.15 and Figure 4.16, re-
spectively. The main component of the LS514 tribofilm, CaCO,, is prominently represented by
the strong, sharp peak at 1085 cm™ [130]. The clarity of this peak proves to be the exception,
as the amorphous character of the tribofilms results in otherwise wider peaks of relatively low
intensity. The possibility of the presence Ca(OH), is also indicated. This is difficult to verify,
because the normally characteristic peak at 356 cm™ (unmarked) is, at most, only present as a
minor shoulder that is barely visible, while the weaker peak normally found at 680 cm™ is buried
beneath the more prominent peak from Fe;0O, [131,132]. CaO is even more difficult to verify,
both because of peak overlap, particularly with CaCOs, and because its propensity to react with
atmospheric H,0, yielding Ca(OH), and CO, [131]. The authors of the referenced study claim
the reaction takes place with CO,, rather than H,O, though this would not yield Ca(OH),. It
should also be noted that the equilibrium of this reaction is shifted markedly towards CaCOs3,
meaning Ca(OH), is only a very minor product. In addition to Fe;O,4, Fe,O; is verified by the
peaks at 247 cm™ and approximately 293 cm™ [133].

Carbon peaks from base oil

/

Intensity

FeOOH F9304

/ | (Possible FeO
and Ca(OH),
peaks within)

0 200 400 600 800 1000 1200 1400 1600 1800 2000
Raman Shift (cm)
Figure 4.15: Raman spectrum of LS514 tribofilm on 20MnCr5 surface.

61



4. Results and Discussion

As indicated by the Element-Mapping images of the M822 tribofilm, molybdenum oxides
are the most significant contributors to the protective chemical tribofilm, though there are some
minor peaks indicating the presence of iron oxides (unmarked). Several peaks that are attribut-
able to either MoO, or MoO; are marked and compared with results that are available in the
literature [134,135,136,137]. Though no significant sulfur signals were detected with SEM-EDX,
the peak pattern seen between 380 cm™ — 410 cm™ can very readily be attributed to MoS,
[138]. Analysis of both the LS514 and M822 tribofilms by X-ray photoelectron spectroscopy
(XPS) is currently underway to provide further verification of the proposed tribofilm compo-
nents.

Mos,

Intensity

0 200 400 600 800 1000 1200 1400 1600 1800 2000

Raman Shift (cm)
Figure 4.16: Raman spectrum of M822 tribofilm on 20MnCr5 surface.

4.3.3 XPS

With more concrete information on both the elemental and molecular composition of the
chemically reactive tribofilms from SEM-EDX and Raman spectroscopy, XPS analysis allows
for more definitive conclusions to be drawn in combination with the results previously obtained.
XPS is also an extremely useful method for the characterization of such films because of its
ability to be limited to very low penetration depths, i.e. to the order of approximately 1 — 10 nm.
XPS spectra of pre-conditioned tribofilms from both LS514 and M822 are given in Figure 4.17.

The spectrum of the LS514 tribofilm unequivocally indicates the presence of CaCOs,,
seen in the characteristic pattern of the peaks for Ca 2s, Ca 2p, C 1s and O 1s orbital electrons
[139]. Furthermore, these peaks are far more prominent than those for the other species, nota-
bly iron. This is indicative of significant participation of CaCQOj; in the analyzed tribofilm, because
unlike in Raman spectroscopy, the size of the peaks is, ultimately, representative of the quan-
tity of elements present in the irradiated sample area. Therefore it can also be concluded that
the abovementioned iron species are not present in the tribofilm in great quantities, but they
are, nevertheless, present in the analyzed surface area and must be reported [140].

The spectrum of the M822 tribofilm confirms that which was ascertained from Raman
spectroscopy, namely the presence of MoS,, MoO, and MoO; [141,142,143]. The characteristic
molybdenum peaks are particularly strong, whereby the Mo 3d peak at 229 eV nearly covers
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the S 2s peak at 227 eV, though both are visible even with significant overlap. As is the case
with the LS514 tribofilm, iron species show little participation in the tribofilm composition. Con-
sequently, MoDTC is clearly very effective at covering the surfaces in the tribocontact.
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Figure 4.17: XPS spectra of pre-conditioned tribofilms on 20MnCr5 surface.

With the most important chemical species in the tribofilms identified, it is worthwhile to
describe the reaction mechanisms that are most likely to yield such species. The previously
mentioned reaction model, proposed by Schulz and Holweger [66], gives a clear outline of the
mechanism(s) involved in forming the LS514 tribofilm. Iron oxides on the steel sample surfaces
are essentially unavoidable under normal atmospheric conditions, regardless of the anti-
oxidants that may be present in a chosen lubricant. This means that the slightly polar positive
iron bonded to slightly polar negative oxygen may react with newly introduced lubricant addi-
tives, in this case CaCOs;. Polar negative oxygen from CaCO; interacts with polar positive iron
in the steel, while polar positive calcium interacts with the polar negative oxygen present in the
superficial iron oxides. The subsequent reactions have also been described by Kubo et al. in
the context of steel-DLC contacts and are summarized as follows [144]:

1. The initial reaction of calcium with oxygen forms a Fe- and CaO-containing base film.

2. CaCOj; accumulates on the sample surface.
3. Additional CaCOj; reacts to form the increasingly thick tribofilm.

The abovementioned reaction models provide parallels to the interactions of compo-
nents from M822 with steel surfaces. Description of the mechanism of formation of the M822
tribofilm is bolstered by the abundance of literature on MoDTC, the essential component of
M822, due to its popularity as a lubricant additive in internal combustion engines [145]. Conse-
quently, the decomposition mechanism of MoDTC (see Figure 2.20) that leads to reaction with
steel surfaces has been thoroughly described in the literature [146,147,100]. The first step in
the decomposition is a radical electron transfer that cleaves the bond between Mo and the S
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from the dithiocarbamate. This leaves three free radical species, two of which are from the
chain ends of MoDTC and the third from the core component. This core component undergoes
further decomposition into MoS, and MoO, species, the latter of which will oxidize in the pres-
ence of atmospheric oxygen, yielding MoO3; as well.

4.4 Slip-Rolling Endurance Test Results
4.4.1 Baseline of Slip-Rolling Resistance

All untreated samples were able to run for 10’ load cycles without critical material fail-
ure, the criteria for which have been specified in the experimental procedures. This was appar-
ent upon visual inspection of the contact surfaces after testing, and furthermore, in the optical
microscope images of these areas, provided in Figure 4.18. Optical microscope images of
sample surfaces exposed to the higher testing loads, Poyean = 2.5 GPa and Poyean = 2.62 GPa,
are currently being generated.

Powean = 1.5 GPa Pomean = 1.94 GPa
(Pomax = 2.25 GPa, Fy = 930 N) (Pomax = 2.91 GPa, Fy, = 2,000 N)

Sample Counterbody Sample Counterbody

(6% RA)

20MnCr5 e

20MnCr5
(14%RA)

36NiCrMoV1-5-7

45SiCrMo6

Figure 4.18: Optical microscope images of the contact surfaces of the cylindrical samples and spherical
counterbodies (both untreated) after 10’ load cycles of slip-rolling endurance testing at T = +120 °C in
BMW FF SAE O0W-30 VP1, ACEA A3/B4, dynamic viscosity at +120 °C = 5.33 mPa:s.

Both the cylindrical sample bodies and spherical counterbodies remained relatively un-
damaged at both of the lower testing loads, whereby wear can only be observed in the wear
track, created by the points of contact. Neither scuffing nor pitting phenomena can be observed
from either the lower or higher applied testing load. This is in large part due to the testing lubri-
cant, BMW FF SAE 0W-30 VP1, which is fitted with a comprehensive additive package that is
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designed to protect contact surfaces from such phenomena. At the lowest testing load,
20MnCr5 and 45SiCrMo6 showed comparable wear track widths, while the wear track of
36NiCrMoV1-5-7 was slightly wider. All wear tracks appeared to be of a more consistent width
as contact pressure increased.

Although the testing materials did not experience critical failure, some minor surface
cracking and/or flaking was observed. Such behaviour became more prevalent at higher loads,
and some exemplary optical microscope images of areas that experienced this surface damage
are provided in Figure 4.19. SEM investigations showed only some minor, singular, sub-surface
microcracks of the order already reported and evaluated for these materials by Scholz [113].
This is unsurprising for testing at less extreme load settings, particularly for the high-
performance steels, which can be expected to resist excessive crack formation in light of their
high fracture toughness. Moreover, the strongly martensitic character of both of these steels,
observable in and Figure 4.2, and later in Figure 4.22, is also of particular relevance.

Types of wear have been defined for dry wear testing of pearlitic steels in rolling-sliding
contact by Bolton et al. as simply “mild” and “severe” [148] and later specified from least to
most severe as Types |, Il and Il [149]. The optical microscope images from Figure 4.18 do not
provide a clear indication as to which wear type is most relatable to the wear observed in this
study. This is partially due to a lack of large-scale observable flaking, which would constitute
critical material failure in this study. Furthermore, the generated wear particles would need to
be chemically analyzed to determine their composition, i.e. if they are purely metallic or partially
oxidic.

Figure 4.19: Optical microscope images of damaged surfaces of cylindrical samples after 10” load cycles
of slip-rolling endurance testing at Poyean =1.94 GPa (Pouwax = 2.91 GPa, Fy = 2,000 N) and T = +120 °C
in BMW FF SAE OW-30 VP1, ACEA A3/B4, dynamic viscosity at +120 °C = 5.33 mPa-s.

Coefficients of friction from directly before the end of slip-rolling endurance testing up to
Pomean = 2.62 GPa (Powax = 3.92 GPa, Fy = 5,000 N) are provided in Figure 4.20. As expected,
increases in COF were observed with increasing contact pressure. At all load stages, the alter-
native alloys showed lower friction than 20MnCr5. This difference became less pronounced at
higher testing loads, which is commonly observed in many steels, namely that the range in fric-
tion above FZG 12 decreases with increasing contact stress [12]. The alloying with molybde-
num and silicon reduced the coefficients of friction under mixed/boundary lubrication.

Comparing the friction behaviour of 36NiCrMoV1-5-7 to that of 45SiCrMo6 reveals that
the latter generally shows lower friction at the lower testing loads, but that the two materials
show essentially equivalent friction behaviour at the higher testing loads. This may be an indi-
cation that the improvements in material performance yielded through the enhanced silicon
content of 45SiCrMo6 may be limited to lower loading conditions. This is also partially reflected
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in the wear performance of these steels (see Figure 4.21), though as will be discussed,
45SiCrMo6 still maintains a slight advantage, even at the higher testing loads.

. 455iCrMo6 Pontesn = 2.62 GPa

I 36NiCrMoV1-5-7
1

120MnCrS (14% RA)
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Figure 4.20: Coefficients of friction at the end of slip-rolling testing at T = +120°C in BMW FF SAE 0W-30
VP1, ACEA A3/B4, dynamic viscosity at +120 °C = 5.33 mPa:-s.

Profilometric wear coefficients from all slip-rolling testing are provided in Figure 4.21. At
both lower testing loads, comparable wear coefficients were determined for all materials. Due
to the standard error values determined from repeat testing (a minimum of three separate en-
durance tests, each spanning approximately 19 days, were conducted for each material), some
overlap in wear coefficient values is observed. This can be said for comparison of materials, as
well as comparison of loads. It can also be observed that the spherical counterbodies showed
very similar amounts of wear to the cylindrical sample bodies. This serves to indicate that no
significant distortion of the counterbody geometry occurred with respect to the mechanically
finished radius of curvature. Reducing material distortion is very important for improved material
performance in many real-world applications. Automobile component contacts, many of which
are well-simulated by this form of twin disk testing, are a prominent example.

The most significant observation from baseline testing is that the case-hardened
20MnCr5 did not appear to deliver significantly better wear performance than the alternative
alloys, neither of which are case-hardened. Indeed, the k, values of 20MnCr5 and 45SiCrMo6
are nearly identical at the lower testing loads. This held true even at Poyean = 2.5 GPa, though
the case-hardened 20MnCr5 begins to look more appealing at Powean = 2.62 GPa.
36NiCrMoV1-5-7 showed a slight tendency toward higher wear than the other two steels,
though the difference is nearly negligible, particularly in the context of mixed/boundary lubrica-
tion. Metallographic considerations also provide some explanation as to the slight differences in
wear performance. Most notably, 36NiCrMoV1-5-7 has slightly higher populations of non-
metallic inclusions, previously described. In light of the slightly more heterogeneous microstruc-
tural arrangement of 36NiCrMoV1-5-7, less consistent wear performance can be expected.
Case-hardening was likely the most influential factor in the strong wear performance of
20MnCr5, even at higher loads, while the silicon alloying of 45SiCrMo6 is thought to enhance
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its tendency towards work hardening, yielding competitive wear performance even at the most
extreme testing load.
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Figure 4.21 Wear coefficients of the spherical and cylindrical disks after slip-rolling testing at T = +120 °C
in BMW FF SAE 0W-30 VP1, ACEA A3/B4, dynamic viscosity at +120 °C = 5.33 mPa-s.

Again, it is of great significance that the non-case-hardened steels showed comparable
performance to the case-hardened 20MnCr5. Although the high performance steels have a
lower initial hardness than the case-hardened 20MnCr5, they still show comparable wear rates.
The most concrete explanation is that the measured surface hardness of the samples in the
heat-treated state does not account for the aforementioned work hardening processes that can
occur in 36NiCrMoV1-5-7 and 45SiCrMo6 and generate increased hardness in the contact
zone. Work hardening can be observable through the generation of compressive residual
stresses. The compressive stress behaviour of these steels has already been reported by
Scholz et al. [113,115]. So-called dislocation hardening, in conjunction with plastic deformation,
is of particular relevance, where the resistance to dislocation becomes more pronounced with
the increase of dislocation density [70].

Changes in hardness due to loading, however, are also measureable. In Figure 4.22,
hardness profiles of 45SiCrMo6 after slip-rolling endurance testing at Poyean = 1.94 GPa, both
from the surface into the bulk and across the loaded contact surface, are provided. A strong
increase in hardness at and directly beneath the contact zone is clearly observable, and is
strongest directly in centre of contact, where the generated contact pressure is greatest. The
optical image provided shows a brightening in colour of this area to an off-white. This is still
relatively difficult to observe and has therefore been outlined. The SEM image was taken from
350 pm below the surface, inside the contact zone. In comparison to the previously shown im-
age in Figure 4.2, the overall martensitic character becomes somewhat more uniform, lacking
the larger ferritic plates observed in the heat-treated state. In other words, the overall structur-
ing appears to be more refined.
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Figure 4.22: Micro-hardness profiles of untreated 45SiCrMo6 after slip-rolling testing at Poyean = 1.94
GPa (Pgomax = 2.91 GPa, Fy = 2,000 N) and T = +120 °C in BMW FF SAE 0W-30 VP1, ACEA A3/B4,
whereby dynamic viscosity at +120 °C = 5.33 mPa-s, with corresponding optical microscope and SEM
images.

4.4.2 Slip-Rolling Friction and Wear Resistance of Cold Work Hardened Surface
Substrates

Slip-rolling testing was carried out on samples with cold work hardened surface sub-
strates, all of which were generated at Powean = 2.5 GPa within 10,000 cycles in the finishing
process. Again, only the cylindrical samples were pre-conditioned, while the spherical speci-
men remained untreated and tested as self-mated couples alloywise. Coefficients of friction
from the end of endurance testing and profilemetric wear coefficients were obtained for both
cold work hardened samples, as well as for untreated baseline samples. These results for
20MnCr5 are given in Figure 4.23. Results for the non-case-hardened steels are not available,
as these steels experienced premature critical surface failure during endurance testing. Cold
work hardening does not to appear to have contributed to any significant improvement in the
frictional behaviour of 20MnCr5. The COF values from the end of endurance testing are nearly
identical for the work hardened samples compared to the untreated steel. An improvement in
wear performance, however, after cold work hardening was observed in all 20MnCr5 samples,
particularly with 14% residual austenite, which yielded a reduction of wear by over 80% for the
cylindrical sample. Neither the pre-conditioned samples nor the counterbodies run against them
in endurance testing showed any clear increases in wear. The pitting failures experienced by
the non-case-hardened steels were eventually replicated in 20MnCr5 at higher contact loads.
The indication is that the conditions of the cold work hardening treatment applied were too se-
vere for these steels. It was, therefore, deemed necessary to optimize the parameters applied
in this particular pre-conditioning regime. The differences in wear resistance between 20MnCr5
and the alternative alloys, after cold work hardening, is a result of the case hardening of
20MnCr5. This is discussed in greater detail later in this section.
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Figure 4.23: COF values at end of and k, values after 2Disk slip-rolling testing for case-hardened and
cold work hardened 20MnCr5 (1.7147) up to 10,000,000 cycles at Poyean = 1.5 GPa (Pouwax = 2.25 GPa,
Fn =930 N) and T = +120°C in BMW FF SAE 0W-30 VP1, ACEA A3/B4, whereby dynamic viscosity at
+120 °C = 5.33 mPa:s.

Residual stress depth profiles of 20MnCr5 after cold work hardening, and additionally,
cold work hardening and slip-rolling endurance testing at Povean = 1.5 GPa are provided in Fig-
ure 4.24. Comparing these new profiles to the profiles of cold work hardened 20MnCr5 before
endurance testing (also see Figure 4.5), it can be determined that the compressive residual
stresses generated during pre-conditioning are, essentially, stable. A slight decrease in the
depth of the maxima can be observed, as well as a decrease in the magnitude of these maxima
to less than 1000 MPa, compared to the previously observed maxima of nearly 1200 MPa.
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Figure 4.24: Residual stress depth profiles (calculated using the sin“y method) for 20MnCr5 after cold
work hardening, and additionally, cold work hardening and slip-rolling endurance testing (endurance
testing at Pomean = 1.5 GPa, Poyax = 2.25 GPa, Fy = 930 N.

The indication is that there is still room to optimize the depth of the compressive stress
maxima, as a reduction of the previously introduced compressive residual stresses through
unavoidable shear stresses is observed. Ultimately, the goal is to optimize pre-conditioning so
that the compressive residual stress maxima lie in the same area as the expected shear stress
maxima to counteract shearing effects that can lead to increased wear.

Surface profiles of a cylindrical sample of cold work hardened 45SiCrMo6 and of an
untreated spherical sample are provided in Figure 4.25, along with an optical image of the
damaged surface of the spherical sample after critical failure during slip-rolling endurance test-
ing. The surface profiles are arranged in the contact that occurred at the start of endurance
testing. It immediately becomes apparent that the intensity of the work hardening procedure led
to extreme deformation of the surface of the cylindrical sample. The new surface geometry re-
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sults in point contacts at the edges of the work hardened area, rather than at the midpoint of
the spherical sample. Consequently, contact pressure extremes arise at these points of con-
tact, while at the same time a significant portion of the centre of the samples do not experience
any contact at all. The result of such a distribution of contact between the samples is clear from
the optical image, where the zones of contact pressure extremes experience premature critical
material failure, while the mid-sections that experienced no contact, reasonably, experienced
no wear.

Surface deformation from
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Figure 4.25: Comparison of surface profiles from cold work hardened (using WC-roller with Ryc = 6 mm)
cylindrical sample of 45SiCrMo6 vs. untreated spherical sample, with optical image of premature critical
material failure on spherical sample during slip-rolling endurance testing at (before surface deformation)
Pomean = 1.5 GPa (Pomax = 2.25 GPa, Fy = 930 N) and T = +120°C in BMW FF SAE 0W-30 VP1, ACEA
A3/B4, dynamic viscosity at +120 °C = 5.33 mPa:s.

It is important that pre-conditioning of the steels does not result in material damage be-
fore what would be normal operation of the component. Such extreme surface deformation may
be seen as material damage, particularly due to the fact that it led to premature critical failure of
the non-case-hardened steels in endurance testing. Case-hardened 20MnCr5 did not experi-
ence such extreme surface deformation during work hardening due to the surface layer that is
already significantly harder from case hardening alone. This is observable in previously pro-
vided hardness profiles of all tested alloys in the finished state. Even after cold work hardening
of the alternative alloys, the maximum hardness values reached in the centre of the contact
zone for these steels are barely greater than 600 HV, while the surface hardness of case-
hardened 20MnCr5 is well over 700 HV, even before any cold work hardening is induced. Sim-
ply put, the alternative alloys are notably softer than the case-hardened 20MnCr5. Therefore it
is important to consider the initial material hardness, as well as propensity towards material
deformation, before applying the conditions for a pre-conditioning regime based on cold work
hardening. In this respect, it is clear that the conditions for work hardening, particularly of the
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non-case-hardened steels, need to be optimized to avoid excessive surface deformation and
losses in geometrical integrity.

4.4.3 Slip-Rolling Friction and Wear Resistance of Optimized Cold Work Hard-
ened Surface Substrates

The parameter adjustments for optimized cold work hardening have been described at
the end of section 4.2.3. These parameters include changes to the curvature of the hard metal
roller used (increased WC-roller radius), lubricant temperature, rotational speed and, conse-
quently, duration of pre-conditioning. The effect that these adjustments have had on the result-
ing wear and friction during endurance testing is visibly dramatic. Optical microscope images of
the sample and counterbody surfaces are provided in Figure 4.26.

As the optimized cold work hardening ensured that none of the endurance tested mate-
rials experienced critical failure, no strong cracking or pitting was observed. Some minor, su-
perficial cracks may be observed on the surface of 20MnCr5 (14% RA) after endurance testing
at Powean = 1.5 GPa. Interestingly, this same material showed very little wear at all in the area of
the pre-conditioned sample surface at the higher endurance testing load. The extremely low
wear coefficient (see Figure 4.30) reported comes as little surprise. Additionally, there appear
to be some superficial grooves present on the cylindrical surfaces of 20MnCr5, which are par-
ticularly prominent after testing at 2,000 N. These are indicative of some light, though not criti-
cal, abrasive wear, and appear darker than the surrounding area as a result of a chemical tri-
bofilm that remains bonded to these surfaces. This tribofilm is generated from the additives,
particularly ZDDP, of VP1 when the surfaces are exposed to sufficient contact pressure [155].

Protected with optimized cold work hardening

Pomean = 1.5 GPa Povean = 1.94 GPa
(Pomax = 2.25 GPa, Fy, = 930 N) (Pomax = 291 GPa, Fy, = 2,000 N)

Sample

Counterbody
-

Sample
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20MnCr5
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36NiCrMoV1-5-7

45SiCrMo6

Figure 4.26: Optical microscope images of the wear tracks of the cylindrical samples (with pre-
conditioned cold work hardening) and spherical counterbodies after 10" load cycles of slip-rolling endur-

ance testing at T = +120 °C in BMW FF SAE 0W-30 VP1, ACEA A3/B4, whereby dynamic viscosity at
+120 °C = 5.33 mPa:s.
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Both of the non-case-hardened steels showed quite wide wear tracks, especially after
exposure to the higher endurance testing load (2,000 N). The deformation of the sample sur-
faces from pre-conditioning means that a greater proportion of these surfaces come in contact
with the spherical counterbodies during endurance testing, however their increased hardness
provides them with significantly higher wear resistance. This results in the quite wide, but shal-
low, wear tracks observed, and ultimately the reduced coefficients of wear, which are calcu-
lated on the basis of both the width and the depth of the wear tracks.

SEM investigations of all materials were conducted, both before and after tribological
testing. Images of 36NiCrMoV1-5-7 cross sections, i.e. inside the material, from directly below
the testing surface, are exemplarily provided in Figure 4.27. It is immediately clear from the
image of the material in the finished state that, although it is highly martensitic, with a previ-
ously verified residual autenite content of under 2%, it remains somewhat inhomogeneous due
to the presence of non-metallic inclusions. It was revealed in a study of this material by Scholz
et al. that the inclusions are composed of CaS and alumina-silicates, which are a result of a
prior calcium-argon treatment (CAB) [115]. Such non-metallic inclusion populations can have
severe consequences for material endurance, as they often act as crack initiators, particularly if
they are locally agglomerated directly beneath the stressed surface. The stresses from cyclic
tribological contact contribute to crack growth and propagation, which means that these cracks
may eventually reach the contact surface and cause pitting or spalling failures. Therefore inves-
tigation of both the surface and sub-surface regions of the materials is crucial to detect signs of
a tendency towards material failure.

Naturally, there are no such microcracks present in the material in the mechanically fin-
ished state. The same holds true for the material after pre-conditioning, which allays fears that
the extreme conditions during pre-conditioning, namely use of hard tungsten carbide rollers at
Povax = 3,750 MPa, would cause severe damage of the materials. Most importantly, no sub-
surface cracks of any kind are visible after endurance testing. Furthermore, non-metallic inclu-
sions are no longer visible after endurance testing, i.e. grain refinement has occurred, which
explains why the increase in hardness below the contact zone after pre-conditioning is main-
tained. Possible grain refinement was already indicated by the whitening of the contact zones
presented in Figure 4.11.

Again, white etchings are of particular concern when non-metallic inclusions, such as
those observed in 36NiCrMoV1-5-7, are present. The description of the development of white
etchings, offered by Schlicht et al., is applicable here [150]. Elastic energy becomes concen-
trated within non-metallic inclusions when they are exposed to cyclic stressing. As cyclic stress-
ing of the inclusions continues, this concentrated energy is exerted by the inclusions on the
material surrounding the inclusions in the form of shear and tensile stresses. These stresses
can lead to the initiation of cracks, which may then propagate in the direction of the main shear
stress.

Figure 4.27: SEM images of cross sections of 36NiCrMoV1-5-7 contact zones.

The residual stress depth profiles for 20MnCr5 (14% RA) and 36NiCrMoV1-5-7 after op-
timized cold work hardening, and additionally, cold work hardening and slip-rolling endurance
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testing are given in Figure 4.28. Generally, an increase in compressive residual stresses with
increasing contact pressure was observed at the sample surfaces. This indicates that the mate-
rials are still able to undergo some additional work hardening during endurance testing. For
20MnCr5, the compressive stress maximum is located between 400 um and 550 um after pre-
conditioning. A slight decrease in this maximum is observed after endurance testing, though the
maximum appears to remain relatively stable even after 10’ cycles. For 36NiCrMoV1-5-7, the
profiles for the endurance tested samples decrease to roughly the same level as the profile
from optimized cold work hardening only. As previously mentioned, there may be an observ-
able increase in compressive stresses toward a sample depth of 800 um, but again, measure-
ments to greater sample depths, which are subject to greater statistical error, would be needed
to confirm this.
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Figure 4.28: Residual stress depth profiles (calculated using the sin“w method) for 20MnCr5 (14% RA)
and 36NiCrMoV1-5-7 after optimized cold work hardening, and additionally, optimized CWH and slip-
rolling endurance testing at both Pgyean = 1.5 GPa (Pomax = 2.25 GPa, Fy = 930 N) and Poyean = 1.94 GPa
(Pomax = 2.91 GPa, Fy = 2,000 N); approximated shear stress maxima are marked Z..

It was previously stated that a worthwhile goal would be to optimize pre-conditioning so
that the compressive residual stress maxima lie in the same area as the expected shear stress
maxima. The purpose of this is to counteract shearing effects, particularly in the case of re-
peated cyclic stressing that occurs during rolling contact, which can lead to increased wear or
even pitting failures. The depth of the shear stress maximum is dependent on the applied con-
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tact pressure and can be approximated according to the shear stress hypothesis, developed by
Henri Tresca in 1864 [113]. The approximated depths of shear stress maxima for endurance
testing at both Poyean = 1.5 GPa (Z;(1.56pa)) and Pomean = 1.94 GPa (Z;1.94cra)) are also given in
Figure 4.28. It is observed that the depths of the compressive residual stress maxima corre-
spond more closely to the depths of the shear stress maxima compared to before optimization
of pre-conditioning. However, there is still room for further optimization of the compressive re-
sidual stresses to align these maxima more closely with the shear stress maxima. Notably, the
optimal depth of the compressive stress maximum is dependent on what contact pressure is
eventually implemented during endurance testing, i.e. endurance testing at higher loads would
call for compressive residual stress maxima at greater depths to counteract the shear stress
maxima.

Figure 4.29 shows that sweeping reductions in friction were achieved. The results for
the non-case-hardened steels are most impressive, whereby cold work hardened 45SiCrMo6
was able to achieve the lowest COF value at 0.039 at the testing load 930 N. Furthermore, in-
creasing the testing load to 2,000 N did not result in a significant increase in COF. The particu-
lar significance of these strong COF reductions is that these appear to be in the same range as
even DLC coated slip-rolling alloys, i.e. DLC vs. DLC contact [113]. Case-hardened 20MnCr5
also showed verifiable reductions in COF after cold work hardening, though it was not able to
reach the same reduced level as the alternative alloys.
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Figure 4.29: Coefficients of friction at the end of slip-rolling testing of samples, cold work hardened under
optimized conditions, up to 10,000,000 cycles at T = +120°C in BMW FF SAE 0W-30 VP1, ACEA A3/B4,
dynamic viscosity at 120 °C = 5.33 mPa:s.

Previous attempts, such as by Mikhin and Lyapin, to define the dependence of these
properties on each other appear to be insufficient for a modern understanding of the material
processes involved in friction reductions from work hardening [151]. Their explanation of the
friction of solid contacts, in the case of mixed/boundary lubrication, is that friction governed pri-
marily by the processes which occur at the points that are actually in contact. Due to this con-
tact at discreet points, the forces with which the bodies of the contact pair interact consist of
elementary forces acting at these individual points. The elementary force depends on the na-
ture and degree of deformation of the material at the contact point. Therefore the coefficient of
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friction, which is ultimately a function of the ratio of the friction force to the normal load, will also
depend on these parameters, i.e. deformation. At the same time, some parts of one of the con-
tacting bodies usually penetrate into the other body. This penetration results from the inho-
mogeneity of the mechanical properties of the contact zones and from the different profiles of
the contacting bodies in the case in which both bodies are of the same material. Even when
materials having the same mechanical properties but different geometric profiles are in contact,
some parts of one element penetrate into the other. Therefore the adhesive component of the
friction force depends on the mechanical properties of the materials in contact.

Friction reductions in lubricated systems result from increases in the elastic modulus of
the contacting materials, i.e. the alloys, or as a result of reduced operational surface roughness
from the “wearing away” of asperities (or, as the case may be, both). Whether work hardening
occurs from martensitic transformations of available residual austenite or from grain refinement,
the microstructural composition of the material will change, generating increased hardness that
hinders the flow of material under shearing, leading to the decrease in elasticity. Consequently,
this helps to counteract changes to the smoothened surface topography, thereby keeping fric-
tion minimal. Investigations by Kim and Johnson concluded that martensitic transformations
induced by induction hardening results in a lowering of shear, Young, and bulk moduli, and a
raising of the Poisson ratio [152]. Furthermore, they stated that since martensite has a greater
concentration of interstitial carbon, the interstitially-induced increase in lattice volume again
contributes to the reduction in moduli. Additionally, much higher concentrations of dislocations
in martensite also may cause a significant reduction in moduli through reversible dislocation
bowing. In light of this, the following factors may be considered as having contributed to reduc-
tions in friction after pre-conditioned work hardening:

1. Increases in static strength of the material in the contact zone near the contact surface.
2. Amorphization of the uppermost surface layers.
3. Grain refinement, as previously discussed.

The possibility of amorphization of the uppermost surface layers, likely to a depth of no
more than two or three atomic layers, is particularly interesting. Investigations by Bull and
Page, for example, involved the evaluation of the friction behaviour of ion-implanted sapphire in
contact with diamond cones and spheres of a range of materials [153]. They showed that the
enhanced amorphization of surface layers led to reductions in the coefficient of friction during
single-pass scratch testing. More recent literature evaluations showed how analogous work
hardening techniques, eg. high-energy shot peening (HESP), can be applied to yield concrete
friction reductions through the generation of nanocrystalline surface layers [154]. It is also pos-
sible to yield friction reductions through the generation of chemically reactive tribofilms, which
has been evaluated in previously published work and will be discussed in section 4.4.4 [155].

Significant improvements in wear performance were also achieved through optimized,
pre-conditioned cold work hardening. The profilometric wear coefficient comparisons between
untreated and cold work hardened sample pairs, given in Figure 4.30, exemplify the benefits of
mechanical pre-conditioning. Strong reductions in wear were observed in all cases. In some
instances, wear reductions to below 1/10 of the original value from the untreated steel were
observed. At the lower testing load of 930 N, 20MnCr5 with 14% residual austenite appeared to
show the strongest relative wear reduction from cold work hardening, though 36NiCrMoV1-5-7
also showed a strong relative reduction. This resulted in 36NiCrMoV1-5-7 achieving a wear rate
essentially equal to 45SiCrMo6. At the higher testing load of 2,000 N, 36NiCrMoV1-5-7 again
achieved a strong wear reduction from cold work hardening, though still showed a higher wear
rate than either 45SiCrMo6 or 20MnCr5. Variations in wear rate due to residual austenite in
20MnCr5 were only apparent in the untreated counterbodies. It is, however, noteworthy that
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reductions in wear were achieved, not just for the cold work hardened samples, but also the
untreated counterbodies. The simultaneous increase in both hardness and toughness from the
work hardening offers a clear explanation of the observed wear rates. Most importantly, com-
parison of the case-hardened reference steels to the non-case-hardened high performance
steels shows equivalent or, as the case may be, better friction and wear performance through
pre-conditioning for the latter materials, in spite of having forgone carburization. Therefore the
conclusion is drawn that, with careful selection of proper metallurgies, technically simple pre-
conditioning methods used to induce work hardening may be able to replace classical strate-
gies, particularly case-hardening, which is expensive, time-consuming and energy-inefficient.
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Figure 4.30: Wear rates of the spherical and cylindrical disks, cold work hardened under optimized condi-
tions, after slip-rolling endurance testing at T = +120 °C in BMW FF SAE 0W-30 VP1, ACEA A3/B4,
whereby dynamic viscosity at 120 °C = 5.33 mPa-s.

4.4.4 Slip-Rolling Friction and Wear Resistance of Tribofilm-Protected Surface
Substrates

All materials subjected to slip-rolling endurance testing, both with and without reactive
tribofilms were able to reach 10’ cycles without experiencing critical surface material failure.
Optical microscope images of tribofilm-protected sample and counterbody surfaces after en-
durance testing are provided in Figure 4.31.

As observed in the images of the disks after endurance testing, wear can only be ob-
served in the wear track, which was created by the points of contact. It is noted that the scuffing
pictured on 20MnCr5 (6% RA) to the right of the wear track in the first image is not from endur-
ance testing, but rather a sample processing error that occurred after testing. Neither scuffing
nor pitting phenomena can be observed from either the lower or higher applied testing load,
though a slight increase in the width of the wear tracks is observed at the higher testing load.
Furthermore, no superficial cracking can be observed in the optical images. Generally, all mate-
rials showed comparable wear track widths, however these widths tend to increase with testing
load.
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Figure 4.31: Optical microscope images of the contact surfaces of the cylindrical samples (with pre-
conditioned tribofilm) and spherical counterbodies after 10" load cycles of slip-rolling endurance testing
at T =+120 °C in BMW FF SAE 0W-30 VP1, ACEA A3/B4, dynamic viscosity at +120 °C = 5.33 mPa:s.
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Ultimately, the optical images show wear tracks that are very similar to those from the
untreated alloys. The wear protection offered by the pre-conditioned tribofilms is naturally
greatest at the beginning of endurance testing. As mechanical wear of the pre-conditioned tri-
bofilms begins to set in, other processes begin to take place, which are discussed in greater
detail later in this section. SEM investigations were indeed carried out on tribofilm-protected
samples after slip-rolling endurance testing, though these investigations focused primarily on
the effects of tribological contact on tribofilm stability and composition, rather than subsurface
microstructures, which have already been discussed in some detail.

Coefficients of friction from the end of endurance testing are provided in Figure 4.32.
Comparison of COF values from tribofilm protected samples to untreated baseline samples
shows several singular friction reductions. Particularly tribofilm-protected 36NiCrMoV1-5-7
showed unambiguous friction reductions at both endurance testing loads. The lowest coefficient
of friction at the end of endurance testing appears to have been yielded with 45SiCrMo6,
whereby a value of 0.036 at Powean = 1.5 GPa is well within the range DLC-coated equivalent
materials [113]. It is also important to note that no significant increases in friction as a result of
tribofilm generation during pre-conditioning were observed. On the other hand, the reductions
in coefficients of friction through a tribofilm formation are more linked to alloys with low residual
austenite content, which can be seen for the results for 20MnCr5 with 14% RA.
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Figure 4.32: Coefficients of friction at the end of slip-rolling testing up to 10,000,000 cycles at T = +120°C
in BMW FF SAE 0W-30 VP1, ACEA A3/B4, dynamic viscosity at 120 °C = 5.33 mPa-s.

In the case of LS514, the mechanism of friction reduction through tribofilm formation in-
volves the establishment of a base film containing Fe and CaO, followed by the accumulation of
CaCOs; in increasingly thick sheets, i.e. boundary layers. For M822, essentially MoDTC, most
literature attributes its friction modification abilities to the formation of sheets of MoS, between
tribocouple components. The mechanism of the decomposition of MoDTC, proposed by Gros-
siord et al., has previously been discussed. As was noted by Morina et al., further experimental
verification of the mechanism is needed, as the basis of friction modification claims is simply
the presence of MoS; in tribofilms where friction happens to be reduced [100]. This study fo-
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cused on the interactions between MoDTC and ZDDP, and what effect these interactions have
on the formation and evolution of chemically reactive tribofilms. As the reference testing lubri-
cant VP1 contains ZDDP, these interactions need to be considered carefully, particularly when
evaluating results from endurance testing on M822-tribofilm protected alloys.

Important considerations of the interactions between MoDTC and ZDDP regarding tri-
bofilm formation and friction reduction have been made, whereby several literature studies re-
ported that MoDTC on its own is less effective in reducing friction than when used in conjunc-
tion with ZDDP [156,157,158]. This may not always be the case however, as seen in Figure
4.33 from the abovementioned study by Morina et al. Testing with only MoDTC additive yielded
the lowest coefficient of friction profile, though the addition of ZDDP appeared to add stability.
Furthermore, the increase in friction observed with the addition of ZDDP appeared to be rather
minor. This may be acceptable for certain applications given the wear reductions that ZDDP
can achieve.
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Figure 4.33: LITERATURE: Friction traces from pin on plate tests using lubricants 001A (base oil, no
additives), 002A (with ZDDP), 003A (with MoDTC) and 004A (with ZDDP + MoDTC) [100].

Frctuon Coefhicient

Profilometric wear coefficients of all samples and counterbodies, untreated and with pro-
tective tribofilms, are provided in Figure 4.34 to allow for comparison between untreated and
tribofilm-protected sample pairs. As previously mentioned, untreated sample pairs show, for the
most part, comparable wear coefficients at both testing loads. Tribofilm protected pairs, how-
ever, show very strong reductions in wear, in some cases with coefficients reduced to below
1/10 (over 90% reduction) of the original value from the untreated steel. These strong reduc-
tions are consistent for all materials at both endurance testing loads.

At the lower testing load of 930 N, tribofilm protection of 45SiCrMo6 led to the strongest
wear reductions. LS514 and M822 appeared to provide equal enhancement of wear perform-
ance in this case. Several interesting comparisons can be made between 36NiCrMoV1-5-7 and
20MnCr5 at this testing load. Firstly, 20MnCr5 still showed better overall wear performance with
LS514 tribofilms, but the actual relative reduction in wear from protection with this tribofilm was
greater for 36NiCrMoV1-5-7. Secondly, residual austenite does not appear to have been an
influential factor in wear performance with the LS514 tribofilm, recalling that 36NiCrMoV1-5-7
has less than 2%. Finally, wear performance improvements, particularly for 36NiCrMoV1-5-7,
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were strongest with the M822 tribofilm, whereby both non-case-hardened steels were able to
show better wear performance than the case-hardened 20MnCr5.

At the higher testing load of 2,000 N, overall wear reductions from tribofilm protection
appear to have been even more substantial than at the lower testing load. This is particularly
visible in the comparison of the wear coefficients for 20MnCr5. Both tribofilms appear to have
provided more or less equal enhancement of wear performance, though M822 may show a
slightly more positive effect. The same appears to be true for the non-case-hardened alterna-
tive alloys. The tribofilm-protected alternative and non-case-hardened alloys show nearly equal
wear performance compared to tribofilm-protected and case-hardened 20MnCr5. More impor-
tantly, the relative wear reductions from tribofilm protection were greater for the non-case-
hardened alloys than for case-hardened 20MnCr5.
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Figure 4.34: Wear rates of the spherical and cylindrical disks, with and without tribofilms after slip-rolling
endurance testing at T = +120 °C in BMW FF SAE 0W-30 VP1, ACEA A3/B4, whereby dynamic viscosity
at 120 °C = 5.33 mPa-s.

Overall, it is difficult to say definitively which tribofilm was most effective in reducing
wear, as all tribofilm-protected pairs show fairly consistent wear coefficients, though M822 ap-
pears to yield slightly better wear performance. Particularly any interactions with ZDDP, found
in VP1, must be considered. It has been stated in the literature that the efficacy of ZDDPs is
retarded through a competition of detergents and dispersants either absorbing on the surface
or limiting the interaction between ZDDPs and the metal [159,160,161], both routes resulting in
antagonistic behaviour with respect to antiwear performance [162]. Such detergents are pre-
dominantly composed of calcium derivatives, such as CaCO;. Therefore such antagonisms
between CaCOs; in the LS514 tribofilm and ZDDP would not be unthinkable. This is further sub-
stantiated by a study on the interaction of overbased metallic detergents with ZDDP on the for-
mation of tribofilms under boundary lubrication by Wan et al [163]. In this study, calcium phen-
ate and salicylate detergents, in high and low overbased forms, were used in combination with
ZDDP. It was found that Ca®" ions are replaced for Zn?" in the polyphosphate structure of tri-
bofilms, forming short chain polyphosphates, ultimately affecting tribological performance.
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An important consideration in comparing the observed wear coefficients is whether
these wear reductions are exclusively the result of tribofilm protection, or simply the result of
the removal of asperities and consequential surface smoothening that would have occurred
during normal running-in. For example, Henein et al. studied the wear of cylinder liners and
showed that significant smoothening may occur during an engine break-in period of several
hours [164]. Furthermore, they showed that the surface roughness, R,, was reduced from ap-
proximately 0.82 um to 0.60 um during their chosen three hour break-in period. Referring to
Table 3.1, it can be observed that the grinded counterbodies in this study are several times
smoother than the samples in the previously referenced study, and the grinded and polished
cylindrical samples, on which the tribofilms are generated, are even several orders of magni-
tude smoother. Furthermore the pre-conditioning step used to generate the tribofilms was car-
ried out to no more than 10* cycles, which lasts approximately 25 minutes. The initial smooth-
ness of the machined disks and the short duration of pre-conditioning resulted in less extreme
wear during such running-in than might otherwise be observed during a longer running-in pe-
riod. Wear tracks measured after pre-conditioning showed depths to the order of 0.1 — 0.3 pum,
while wear tracks measured after slip-rolling endurance testing showed depths of approxi-
mately 1 — 10 um. This indicates that while some minor wear may occur during the initial pre-
conditioning, this does not account for the dramatic reductions in wear seen across the entire
spectrum of tested materials and applied testing loads.

Other processes, notably work hardening, also occur during the pre-conditioning period
and have been observed in previous study of these materials [155]. Particularly the alternative
alloys have shown a strong tendency towards work hardening, further increasing their already
high fracture toughness. This increased fracture toughness is crucial in preventing the initiation
and spread of microcracks, which can cause critical material failure. Work hardening provides
tougher and harder surface substrates with increased wear resistance, even while the surface
substrates are coated with chemical tribofilm. Therefore the reduced wear coefficients are a
consequence of a combination of processes, where the chemical tribofilms provide the initial
wear protection during the simultaneous generation of work hardening, and the work hardened
surfaces resist further wear, even with the wearing away of the chemical tribofilms.

Significant implications arise from comparison of the case-hardened reference steels to
the non-case-hardened high performance steels. Even without tribofilm protection, the non-
case-hardened steels show comparable wear performance to the case-hardened gear steels.
This is due to shrewd metallurgical customization of the non-case-hardened steels, which gives
them not only high fracture toughness, but also a tendency to undergo work hardening. Tri-
bofilm protection significantly reduces wear in what would normally be the running-in phase.
Therefore the tribofilms protect against wear during what was the running-in phase, in which
work hardening occurs, and even if the tribofilms are worn off before completion of testing, the
now work hardened surfaces are more wear-resistant than in the heat-treated state.

When evaluating improvements to wear performance with tribofilm protection from
M822, it is once again crucial to consider MoDTC interactions with ZDDP because of the ZDDP
content in the chosen endurance lubricant VP1. Figure 4.35 shows a comparison of wear fac-
tors from the same pin on plate testing in the literature study by Morina et al. The same lubri-
cant formulations as before are evaluated, i.e. base oil, ZDDP only, MoDTC only and ZDDP +
MoDTC.
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Figure 4.35: LITERATURE: Wear coefficients from pin on plate tests (wear on pin measured) using lubri-
cants 001A (base oil, no additives), 002A (with ZDDP), 003A (with MoDTC) and 004A (with ZDDP +
MoDTC) [100].

Naturally, the highest wear was experienced with base oil lubrication, while the lowest
wear was experienced with ZDDP-enhanced lubrication. What is particularly interesting is the
significant reduction in wear from the addition of MoDTC, which is purposed primarily as a fric-
tion modifier. The implication of this is that MoDTC has, in addition to friction modification prop-
erties, potential for anti-wear contribution, which helps to partially explain wear reductions ob-
served in M822-protected steels. Naturally the additional anti-wear potential of MoDTC is not as
impressive as its current use as a friction modifier, which is why lubricant formulations contain-
ing both ZDDP and MoDTC receive so much attention. The slight antagonism that may occur
between the two additives is observable in the comparison of formulation 002A to 004A in Fig-
ure 4.35. It therefore becomes clear that one must carefully consider which property, ie. anti-
wear or friction modification, is more important for the desired lubricant application in determin-
ing what proportions of ZDDP and MoDTC to enhance a lubricant with.

The operational endurance of chemical tribofilms themselves, however, is still of impor-
tance in this study, because the additives used to generate these tribofilms during pre-
conditioning are not supposed to be present in the endurance testing lubricant, and cannot,
therefore, aid in the replenishing of the tribofilms. VP1 does contain some CaCQOj;, which is
used as a corrosion inhibitor, meaning tribofilms containing CaCO3 can continue to form and be
replenished during endurance testing. Further evaluation of the endurance of the M822 tri-
bofilm, however, is indeed possible as VP1 does not contain MoDTC, the essential additive
used to generate the M822 tribofilm. Figure 4.36 provides a visual comparison of a 20MnCr5
sample surface after M822 tribofilm generation vs. after slip-rolling endurance testing. The tri-
bofilms generated in pre-conditioning do not yet appear to be stable enough to withstand wear
effects for the entire duration of endurance testing. There are some indications that CaCO3; may
be present in a tribofilm even after endurance testing, however this CaCO3; would be from the
corrosion inhibitor in VP1, and not be related to the original M822 tribofilm. Zn, S and P signals
are far more prominent, indicating that ZDDP tribofilm is generated and stabilized during en-
durance testing. Mo was not detected after endurance testing, which shows definitively that the
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pre-conditioned tribofilm was worn away, because Mo is found in neither 20MnCr5 nor the VP1
lubricant and, therefore, acts as a “tracer” element. Improved wear resistance of the pre-
conditioned tribofilms will be essential for the applicability and sustainability of this pre-
conditioning technique, and will be sought in future work. Particularly the application of Na,S,04
or serpentines such as Mgs;Si,Os(OH), to improve tribofilm durability will be considered. This
will require additional testing for verification.

Afterslip-rolling
endurance testing
(M822 tribofilm
wornaway)

Before slip-rolling
endurance testing
(with M822 tribofilm)

ontacted surface

Figure 4.36: Wearing away of M822 tribofilm: SEM-EDX Element-Mapping images of sample surfaces
taken before (left) and after (right) slip-rolling endurance testing at Poyean = 1.5 GPa (Pomax = 2.25 GPa,
Fn=930N) and T = +120 °C in BMW FF SAE 0W-30 VP1, ACEA A3/B4.
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5 Further Discussion

5.1 The Drive for New Alloy Strategies

Case-hardened 20MnCr5 has demonstrated respectable wear resistance under even
very high slip-rolling loads. The increase in carbon concentration in the surface, and conse-
quently surface hardness, of 20MnCr5 through carburization is a significant factor in the im-
provement of this wear resistance, because it allows the material to maintain a tough core. This
is evident in a core fracture toughness value comparable to the high performance alternative
alloys. Although residual austenite in 20MnCr5 did not appear to have a clear influence on the
wear resistance of the steel in this study, lower residual austenite appeared to lead to reduced
COFs and to enhance the tribofilm formation. 20MnCr5 itself is a relatively inexpensive steel
that is easy to acquire, as it is produced in large quantities due to its universality as a standard
gear steel all over the world. The case-hardening applied to it, however, adds significant costs,
is energy-intensive and can be a lengthy process. With the peak of its performance likely
reached, the future of this steel among more advanced materials is questionable.

The alternative alloys chosen for this study may initially appear to be rather expensive in
terms of the cost of raw material, but appear to be far more economical than 20MnCr5 when no
case-hardening needs to be applied. This economic viability is predicated on their providing
equivalent or better friction and wear performance than the current standard, i.e. 20MnCr5.
These alternative steels alloyed with molybdenum and/or silicon have demonstrated better fric-
tion behaviour in all slip-rolling endurance testing, both untreated and with pre-conditioning. In
many instances, this improved friction behaviour is significantly better. The same applies to the
wear performance of the alternative alloys. Even before any pre-conditioning was applied, they
were able to show wear performance equivalent to case-hardened 20MnCr5. The application of
pre-conditioning to all steels showed that the alternative alloys were able to maintain this
equivalent wear performance, and in some cases even exceed that of the case-hardened
20MnCr5. These results are grounded in the material properties that arise from the novel metal-
lurgies, but pre-conditioning offers an additional route to friction and wear reductions.

Though it was difficult to discern the influence of residual austenite in 20MnCr5 on fric-
tion and wear performance in slip-rolling contacts, it is well documented (and described in
2.1.2) that reduction of residual austenite is crucial for the improvement of the wear resistance.
Both 36NiCrMoV1-5-7 and 45SiCrMo6 have residual austenite contents of under 2% and ap-
pear to be quite promising. Since both alternative alloys have annealing temperatures of over
400 °C, they can be used in high temperature applications where 20MnCr5, with an annealing
temperature of under 200 °C, cannot, eg. deposition of DLC coatings. The lower initial hard-
ness values of the alternative alloys are not problematic due to their propensity for work hard-
ening, particularly at higher contact pressures. This, in combination with their high toughness
and strength values, results in very good slip-rolling wear resistance. Good fracture toughness
is crucial to prevent the spread of sub-surface microcracks. This is particularly important for the
36NiCrMoV1-5-7 batch in this work, which has been found to contain non-metallic inclusions
that are known to promote the initiation of microcracks. In this context, the cleanliness of mate-
rials with respect to a desired application must be considered. Some of the advantages offered
by the alternative alloys over classical steels like 20MnCr5 are summarized:

- high level of hardenability and strong wear resistance, even without case hardening
- high yield strength together with high fracture toughness

- good high temperature strength and high annealing temperature

- low residual austenite content yielded after simple heat treatment

- low COFs and high wear resistance even under very high slip-rolling loads
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5.2 Extreme Friction Reductions: Pre-Conditioned Alternative Alloys

It has been stated that one of the central goals of this research is, ultimately, to develop
greater efficiencies in tribological systems in order to reduce friction-related energy waste.
Therefore the pre-conditioning strategies developed were applied with the intention of reducing
mechanical running-in as much as possible, ideally eliminating it altogether. Even before any
pre-conditioning was applied, the alternative alloys, 36NiCrMoV1-5-7 and 45SiCrMo6, showed
clearly lower frictional profiles than 20MnCr5. However, observation of profiles of the evolution
of the coefficients of friction for the untreated alternative alloys reveals that these, too, require a
certain period of running-in before their lowest COF values are reached.

In the same manner that thin film coatings such as DLC are applied to components be-
fore regular operation to reduce their frictional profiles, so to were the alloys chosen in this
study pre-conditioned. In Figure 5.1, profiles of the evolution of COF values for the alternative
alloys during slip rolling endurance testing at Poyean = 1.5 GPa (Fy = 930 N, Poyax = 2.25 GPa)
are presented to compare the untreated alloys to the cold work hardened ones. Ultimately,
45SiCrMo6 vyielded the lowest COF, both untreated and with cold work hardening, though
36NiCrMoV1-5-7 remains competitive. What is most important, though, are the strong reduc-
tions in frictional profiles of the alternative alloys from cold work hardening, particularly towards
the end of endurance testing, to the point that the pre-conditioned alloys can be grouped to-
gether in a discrete and separate domain compared to the untreated alloys.
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Figure 5.1: Evolution of coefficients of friction during slip-rolling testing at Poyean = 1.5 GPa (Fy = 930 N,
Pomax = 2.25 GPa) and T = +120°C in BMW FF SAE 0W-30 VP1, ACEA A3/B4, dynamic viscosity at
+120 °C = 5.33 mPa:s.

In Figure 5.2, profiles of the evolution of COF values for the alternative alloys during slip
rolling endurance testing at Poyean = 1.5 GPa (Fy = 930 N, Powax = 2.25 GPa) are presented to
compare the untreated alloys to those protected with pre-conditioned LS514 tribofilms. As was
the case from cold work hardening, strong overall frictional profile reductions are clearly ob-
servable. Again, the profiles of the pre-conditioned alloys are within a discreetly lower range of
friction coefficients compared to the untreated materials.
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Figure 5.2: Evolution of coefficients of friction during slip-rolling testing at Poyean = 1.5 GPa (Fy = 930 N,
Pomax = 2.25 GPa) and T = +120°C in BMW FF SAE 0W-30 VP1, ACEA A3/B4, dynamic viscosity at
+120 °C = 5.33 mPa:s.

The strong reductions of the frictional profiles of the alternative alloys from pre-
conditioning are particularly impressive, because these alloys already produce very low coeffi-
cients of friction in the untreated state, i.e. without any pre-conditioning. The reduced frictional
profiles of the pre-conditioned alternative alloys, either with cold work hardening or tribofilm
protection, offer clear competition to many of the popular thin film coating systems. Recalling
the work done by Scholz, the pre-conditioned alloys in this study are able to offer friction reduc-
tions equivalent to DLC vs. DLC contacts. It is less clear, however, if the goal of eliminating
running-in during normal operation, i.e. endurance testing, was achieved. The low COF values
observed in the DLC vs. DLC profiles presented by Scholz are achieved very early on in endur-
ance testing, whereas the low COFs from the pre-conditioning undertaken in this work really
only appear to be stable after several million load cycles, indicating that there may still be run-
ning-in processes occurring.

5.3 An Alternative Additive for Tribofilm Generation

The ability to generate stable chemical tribofilms under slip-rolling conditions from the
additive Molyvann 822, in essence MoDTC, has been verified through the thorough surface
analysis presented in section 4.3. The positive effect that these tribofilms have on friction and
wear during slip-rolling endurance testing has also been verified. These positive results are in
addition to the already abundant literature studies on the effectiveness of MoDTC as a friction
modifier. Unfortunately, the negative toxicological properties of MoDTC remain prominent, and
cannot be avoided in the search for ecologically responsible lubricant formulations.

Bismuth dialkyl-dithiocarbamate (BIDTC, [CAS: 21260-46-8]) is less well known in the
literature compared to MoDTC. Bismuth itself is essentially benign, hence why it is found in so
many consumer products, eg. lipstick. Originally, bismuth dithiocarbamates were manufactured
by reacting bismuth halides, such as bismuth trichloride, with a dithiocarbamate species, result-
ing in hydrogen chloride by-product. Chloride residues from partially reacted by-products, unre-
acted bismuth halides or other metal halides are undesirable, even in trace amounts. Improve-
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ments to this process have been developed, such as through the implementation of an ex-
change reaction between a bismuth carboxylate and a metal dithiocarbamate [165]. The prod-
uct from this process is indeed free of chloride residue, but still remains contaminated with
metal carboxylate. Further developments would reveal a process to produce bismuth dithiocar-
bamate or dithiophosphorate by the reaction of bismuth hydroxide, bismuth oxide or bismuth
oxynitrate, either with a dithiocarbamate or dithiophosphoric acid, respectively [166]. The only
by-product from this process is water, which can be easily removed. None of the organometallic
dithio-contaminants, observed in earlier methods, appear. Particularly the bismuth dithiocar-
bamate, described in the same patent, proves to be a very good extreme pressure agent, and
displays very good anti-wear properties. This, in conjunction with its mild toxicological proper-
ties, makes it a worthwhile subject for further investigation. For the purposes of this investiga-
tion, bismuth dodecylbenzenesulfonate (Bi-ddbsa) was chosen for in chemical tribofilm genera-
tion and subsequent slip-rolling endurance testing. This choice was based on the industrial ap-
plicability of this additive. Similar additives show great promise, such as Bismuth octanoate
[CAS: 85736-59-0] in the automotive/industrial grease Shell Gadus S3 Wirerope T Aerosol
[167].

A Bi-ddbsa tribofilm was generated for initial surface analysis on a 20MnCr5 substrate
under the same conditions as previously described, and subsequently subjected to analysis by
Raman spectroscopy. The Raman spectrum of this tribofilm is given in Figure 5.3. The thermal
decomposition of tris(N,N-disubstituted dithiocarbamate) complexes of Bi(lll) has been de-
scribed in the literature [168]. The presence of bismuth as the complexing metal, rather than
previous cases involving molybdenum, will result in a different tribofilm composition than from
MoDTC. This tribofilm appears to be dominated by Bi,S; and Bi,O3, the Raman peaks of which
are verified by previous literature investigation [169,170]. Other components of the tribofilm
have not yet been evaluated extensively, and the corresponding peaks are, therefore, un-
marked.
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Figure 5.3: Raman spectrum of Bi-ddbsa tribofilm on 20MnCr5 surface.

Slip-rolling endurance testing, under the same testing regime used on steels with LS514

and M822 tribofilms, was begun on all alloys with Bi-ddbsa tribofilms. Thus far, results are only
available for testing at Poyean = 1.5 GPa (Fy = 930 N, Pomax = 2.25 GPa). Coefficients of friction
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from the end of endurance testing are given in Figure 5.4. Overall, very clear COF reductions
resulted from the pre-conditioning of Bi-ddbsa tribofilms for all alloys compared to the untreated
state.

Strong COF reductions were observed for 20MnCr5, whereby 20MnCr5 with 14% resid-
ual austenite was able to achieve a reduction with Bi-ddbsa tribofilm to 3/5 the original value for
the untreated pairing. While the ability of the LS514 and M822 tribofilms to reduce friction in
slip-rolling contacts has been evaluated and verified, initial results for the alternative alloys with
Bi-ddbsa tribofilms are mixed. Bi-ddbsa tribofilm-protected 36NiCrMoV1-5-7 showed a COF
reduction to 0.049, a reduction roughly equivalent to the M822 tribofilm. The lowest coefficient
of friction at the end of testing was achieved by Bi-ddbsa tribofilm-protected 45SiCrMo6 at a
value of 0.037. This is in line with similar results with the LS514 tribofilm.

45S5iCrMo6

36NiCrMoV1-5-7

o4

20MnCr5 (14% RA) 75

m COF end (Bi-ddbsa tribofilm)
B COF end (M822 tribofilm)

M COF end (LS514 tribofilm)

M COF end (untreated)

20MnCr5 (6% RA)

0.000 0.020 0.040 0.060 0.080 0.100 0.120
Coefficient of Friction p,,,4

Figure 5.4: Coefficients of friction from directly before the end of slip-rolling testing up to 10,000,000 cy-
cles at Poyean = 1.5 GPa (Fy = 930 N, Powax = 2.25 GPa) and T = +120°C in BMW FF SAE 0W-30 VP1,
ACEA A3/B4, dynamic viscosity at 120 °C = 5.33 mPa:s.

Not only is it apparent that strong friction reductions could be achieved with pre-
conditioned Bi-ddbsa tribofilms compared to the untreated state, but that the bismuth-based
films yielded much better friction behaviour than the molybdenum-based ones. This statement
is presented visually in Figure 5.5. The evolution of coefficients of friction for both the reference
alloy 20MnCr5 and the alternative alloy 45SiCrMo6 are given to compare the untreated, M822-
treated (Mo-DTC) and Bi-ddbsa-treated states.

It is quite significant that the bismuth-based tribofilm was able to yield notably stronger
friction reductions than the molybdenum-based film, because MoDTC is such a conventional
friction modifier in automobile applications, in spite of concerns about its harmful environmental
impact. These concerns may prove to be a driving force in the search for environmentally
friendly alternative, such as those based on bismuth. Though the EP properties of such bis-
muth-based additives are better known to industry insiders, there is very little literature dealing
with possible corresponding FM properties. The results presented here, however, show that
bismuth can indeed contribute to friction modification at an equivalent if not higher level than
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molybdenum. Further research will be needed to determine influences on AW properties,
though as in previous testing in this study, wear coefficients were determined for all tested al-
loys.
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Figure 5.5: Evolution of coefficients of friction in slip-rolling tests up to 10,000,000 cycles at T = 120°C
and Poyean = 1.5 GPa (Powax = 2.25 GPa, Fy = 930 N) in BMW FF SAE OW-30 VP1, ACEA A3/B4, dy-
namic viscosity at 120 °C = 5.33 mPa:s.

Bi-ddbsa tribofilm-protected 20MnCr5 shows reductions in profilometric wear coeffi-
cients that are essentially on par with those observed with application of the LS514 and M822
tribofilms. The wear coefficients of the Bi-ddbsa tribofilm-protected alternative alloys, on the
other hand, show far stronger reductions in wear compared to the untreated alloys. A reduction
of k, for the cylindrical sample disks of the alternative alloys to under an astonishing 1/20 (less
than 5%) of the original value for the untreated alloy was observed. It must be noted that these
values are at the limit of resolution for calculation of the wear coefficient, and must be treated
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with caution. It is clear, however, that a strong wear reduction occurred, which must also be
verified through further repeat testing. It remains to be seen if such strong wear performance
can be achieved at higher testing loads. This applies to both the bismuth-based, as well as the
molybdenum-based tribofilms.
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Figure 5.6: Wear rates of the spherical and cylindrical disks, with and without tribofilms after slip-rolling
endurance testing at Poyean = 1.5 GPa (Fy = 930 N, Poyax = 2.25 GPa) and T = +120 °C in BMW FF SAE
0W-30 VP1, ACEA A3/B4, with dynamic viscosity at 120 °C = 5.33 mPa:s.

5.4 The Influence of Pre-Conditioning on Global Trends in Friction and
Wear

The greatest strength of the pre-conditioning techniques developed in this study lies in
their brutal effectiveness despite their overall simplicity and low energy input. The observed
improvements to friction behaviour and wear performance are indicative of this. In this regard,
Figure 5.7 and Figure 5.8 provide a complete overview of the global reductions in friction and
wear achieved with the implementation of pre-conditioning. Friction and wear results from both
cold work hardening and tribofilm generation are grouped together as part of a single pre-
conditioning strategy. The greater aim of continued research in this area will be the physical
combination of pre-conditioning techniques for more friction and wear reductions, discussed
later in Summary and Outlook. The coloured areas contain the complete spread of k, and COF
values from slip-rolling endurance testing, ranging from Pgyean = 1.5 GPa to Poyean = 2.62 GPa.
The arrows in the coloured areas indicate the movement trends in these values with increasing
contact pressure. The wear rates (y-axis) are scaled logarithmically so as to provide good visu-
alization over the lower range, where the spread of values is small, as well as the higher range,
where the spread of values is quite large.

Figure 5.7 represents the wear rates from the cylindrical samples vs. COF values from
the end of endurance testing. Looking at the untreated steels, both friction and wear increase
with contact pressure, as expected. The nature of this increase varies between the materials.
The reference steel 20MnCr5, and the alternative alloy 45SiCrMo6, show proportionally larger
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increases in friction than wear as contact pressure rises. For 20MnCr5, this wear resistance
comes from case hardening, while for 45SiCrMo6, wear resistance is gained from work harden-
ing, particularly at the beginning of testing. This work hardening is also more intense under
higher contact pressures, which is why this steel is able to withstand high loads even without
case hardening. Untreated 36NiCrMoV1-5-7 shows a more proportional increase in wear vs.
friction with rising contact pressure. While the material also shows positive work hardening ten-
dencies, its material cleanliness and microstructural inhomogeneities become more problematic
when subjected to higher slip-rolling loads.

Looking at the pre-conditioned alloys, unambiguous reductions in friction and wear are
observed throughout. Due to the logarithmic scaling of wear rates, the value spread for the pre-
conditioned samples may appear to be greater than for the untreated alloys, though the oppo-
site is the case. Moreover the reductions in friction and wear were so great that the value
spreads are completely separated for the respective materials. For 20MnCr5, strong wear re-
ductions are observed, while the range of COFs appears to have remained fairly consistent,
though this range begins and ends at lower COF values. For the alternative alloys, similar re-
ductions in the range of wear rates were observed. Additionally, even greater reductions in the
range of COFs could be achieved, contrasting with 20MnCr5. Though a trend towards higher
COFs with increasing contact pressure can be observed in the alternative alloys as well, this
trend is very subtle, and may be almost non-existent for 36NiCrMoV1-5-7. It is of great signifi-
cance that the alternative alloys are able to maintain such a stable frictional profile, even with
increases in slip-rolling loads. By limiting this increase in friction over a range slip-rolling loads,
net energy savings can be achieved, which is one of the central focuses of this work.
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Figure 5.7: Global reductions in friction and wear of the cylindrical sample from pre-conditioning.

Similar trends can be observed in Figure 5.8, which compares wear rates from the
spherical counterbodies to the same COF values from the end of endurance testing. In general,
more wear can be observed for the spherical disks than for the cylindrical ones. There also
appears to be a slightly larger range of the wear rates yielded. This larger variation in wear
rates may be reasonably expected, because only the cylindrical samples were pre-conditioned,
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not the spherical counterbodies. For work hardening, the spherical counterbodies run against a
cylindrical surface that is harder than for the untreated steel, naturally leading to greater wear
on the surface that has, in relative terms, lower hardness than before. For tribofilm generation,
the protection offered to the cylindrical sample is likely greater than to the spherical counter-
body. While the tribofilm acts as a boundary layer between both contact bodies, it is only
chemically bonded to the cylindrical sample on which is was generated, leaving the contact
surface of the spherical counterbody relatively more greatly exposed than the cylindrical sam-
ple. In spite of this, strong reductions in both wear and friction from pre-conditioning were
achieved for the spherical disks as well. Several trends resulting from pre-conditioning remain
prominent for the spherical counterbodies, such as the nearly complete separation of value
spreads per material and the tendency of the alternative alloys, particularly 36NiCrMoV1-5-7, to
maintain a stable frictional profile with increasing contact pressure.
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Figure 5.8: Global reductions in friction and wear of the spherical counterbody from pre-conditioning.

Wear rate spherical disk k., ,

The observed trends in friction and wear reinforce the advantages of the alternative al-
loys and the applied pre-conditioning techniques. The metallurgical strategy of alloying with
molybdenum and silicon appears to be very effective, as these alloys can show equal wear
performance and better friction behaviour than a standard case-hardened steel. This holds true
even under high slip-rolling loads. The generation of cold work hardening and reactive tribofilms
in pre-conditioning of these alloys further emphasizes their advantages. The tendency of these
alloys towards work hardening under high loads and the receptiveness of their contact surfaces
to chemical bonds with targeted lubricant additives are already observable during normal op-
eration, i.e. endurance testing, without pre-conditioning. Achieving these improvements before
normal operation leads to a net reduction of the energy losses that occur during running-in. The
strong reductions in wear, and particularly friction, show the potential to challenge current stan-
dard thermochemical treatments such as DLC, achieving equal performance more efficiently
that rivals thin film coatings.
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6 Summary and Outlook

The main goal of this work was to transfer the running-in phase into the final step of the
mechanical finishing process through the targeted pre-conditioning of novel, high toughness
steel bearings without thermo-chemical treatments and compare these to conventional, case-
hardened steels. This was achieved by inducing cold work hardening and chemically reactive
tribofilms, ultimately leading to significant reductions in friction and wear in slip-rolling endur-
ance tests (T = +120 °C, 10’ cycles, approximately 19 days in a factory fill engine oil. Ulti-
mately, the non-case-hardened alternative steels showed competitive wear performance and
better friction behaviour compared to the case-hardened 20MnCr5. Pre-conditioning led to COF
reductions to under 70% and wear coefficient reductions to an astonishing 1/10 (90% reduc-
tion) of the original values for the untreated steels. The observed improvements to friction be-
haviour and wear performance are indicative of a technically simple, cost- and energy-efficient
pre-conditioning strategy that may prove to replace existing thermochemical treatments for
steel alloys. It is clear from Figure 6.1 that such improvements in material efficiency are crucial
if further reductions in fuel consumption, particularly in the global automobile industry, are to
continue.
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Figure 6.1: LITERATURE: Comparison of overall and annual average fleet fuel consumption rates under
proposed or enacted standards across regions [4].
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The technical simplicity of the developed pre-conditioning techniques makes them inter-
esting for expanded applications. Testing using twin-disk rigs is one of many possibilities. The
work hardening tendencies of the alternative alloys indicate that they could be used in gear
applications with the aim of strengthening the tooth root during mechanical finishing without
excess material damage. Figure 6.2 provides a schematic for such a pre-conditioning operation
on appropriate gear materials. The tool gears would be of the same material as the WC rollers
used in testing up to this point. Niobium carbide could be used as an alternative for the hard
metal tool gears, as current market trends may be leading key industries away from tungsten
carbide.
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Mechanical finishing of bearings Mechanical finishing of gears

using cold work hardening using cold work hardening

| Tools: eg. C7P WC-6Ni, superpolished |

/o
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C7PWC-6N, Sample bearing motion in 2Disk setup Gear implimentation
superpolished

Strengthening of contact zone Strengthening of tooth root
through work hardening through work hardening

Figure 6.2: Abstraction of slip-rolling motion and “technology transfer” of the cold work hardening pre-
conditioning procedure to gear applications.

Integration of both pre-conditioning techniques is a particularly important consideration
for future development of new pre-conditioning strategies. The simultaneous generation of cold
work hardening and protective tribofilms offers the potential for significant reductions in required
energy input, as well as reduced energy expenditure during operation. Particular emphasis for
future experimentation is placed on the reduction of running-in time, i.e. reducing energy con-
sumption, and the implementation of more environmentally friendly additive regimes, such as
bismuth-based additives.

The goal of combined pre-conditioning can only be achieved when uniform conditioning
parameters for generation of both cold work hardening and chemical tribofilms are developed,
particularly regarding the applied rolling load. This load must be high enough to generate con-
tact pressures (using hard metal rollers) that can induce work hardening in the chosen alloys,
while at the same time low enough so as not to degrade the chemical tribofilms also being gen-
erated in the process. Further study will also need to be done on the effectiveness of polished
contacts and the potential to generate chemical tribofilm reactions on steel surfaces. Ultimately,
though, these difficulties can be overcome with the selection of appropriate metallurgies and
lubrication strategies. The combination of such optimal metallurgies and proper lubrication can
allow the pre-conditioning techniques, developed in this work, to be combined for the eventual
application in the series production of steel components across an increasingly diverse spec-
trum of tribological applications.
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