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ABSTRACT

Extreme conditions dictate the utilization of advanced materials and the
development of state-of-the-art processes to accommodate the strong needs of low friction
and wear in several bearing applications. Such extreme conditions can be found in the
Venusian atmosphere, nuclear reactors, and superlubricity applications. Due to the variety
of conditions of each application, different approaches were taken to address these
challenges.

NASA and other space agencies seek to explore the harsh atmosphere and surface
of Venus by deploying balloons, rovers, and drills to exploit information of the
atmospheric composition and the soil and. To this end, a systematic study was carried out
with the selection, testing, and characterization of advanced coatings, including a plasma
sprayed (PS) NASA-developed nickel-based alloy, namely PS400. It was found that
diamond-like carbon (DLC) coating significantly enhanced the tribological properties of
PS400 at room temperature conditions (RT). Also, the main lubricating mechanism of
PS400 is due to the generation of oxide glazes when subjected to high temperature (HT)
oxidative environments. However, under Venusian environment the wear performance
degrades. Furthermore, DLC and titanium-doped molybdenum disulfide (TiMoS>) can be
used as sacrificial coatings when paired with PS400 for lower temperatures (i.e., during
descending on Venusian surface), and initial operation. Another significant finding is that
DLC and TiMoS; depicted extreme chemical inertness when exposed to Venusian-

simulated atmosphere for 72 hours, whereas PS400 and polycrystalline diamond (PCD)



formed dense adsorbed layers rich in sulfur. Also, the mechanical properties of PCD
remained unaffected following Venusian aging, therefore, can be used as a structural
material where dimensional precision is of a concern. Finally, the sulfur-rich layer

appeared to have good lubrication properties when subjected to HT sliding.
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NOMENCLATURE

Ac Contact area

a-C:H amorphous hydrogenated

AP Ambient pressure

ATSP Aromatic thermosetting co-polyester
COF Coefficient of friction

CVvD Chemical vapor deposition

d Sliding distance

DLC Diamond-like carbon

EDS Energy dispersive X-ray spectroscopy
E: Reduced modulus

F Normal force

FIB Focused ion beam

GEER Glenn extreme environments rig

h Wear depth

H Hardness

he Contact depth

Nmax Maximum depth

HP High pressure

HPHT High pressure-high temperature
HPP High performance polymer

Vi



HT
HTGR
HTT
HVAF
INC
INL
LP

MPCM

PCD
PCM
PEEK
Prmax
PS
PTFE

PVD

fi
RMS
o

RT

High temperature

High temperature gas-cooled reactor
High pressure tribometer
High velocity air fuel

Inconel

Idaho national lab

Laser peening
Microencapsulated phase-change material
Hertzian pressure
Polycrystalline diamond
Phase-change material
Polyether ketone

Maximum load

Plasma spray
Polytetrafluoroethylene
Physical vapor deposition
Radius of curvature

Inner radius of the wear track
Root-mean-square

Outer radius of the wear track
Room temperature

Initial slope of unloading curve
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Sa
SEM
Sku
Sp
Sq
Ssk
Sv
Sz
TEM
TME

UHPT

VHTR

XPS

Ar

Average absolute roughness
Scanning electron microscopy
Kurtosis

Highest mean-to-peak distance
Root-mean-square roughness
Skewness

Highest mean-to-valley distance
Highest peak-to-valley distance
Transmission electron microscopy
Thermal microstructure engineered
Ultra-high pressure tribometer
Wear volume

Very high temperature reactors
Wear rate

X-ray photoelectron spectroscopy
Step increment

Geometric constant
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1. INTRODUCTION AND OBJECTIVES

1.1. Introduction

Tribology, the study of friction, wear, and lubrication between interacting/rubbing
surfaces is a major concern in a plethora of engineering applications (i.e., bearing systems,
valves, pumps, bushings, gas turbine engines etc.) wherein unwanted energy loss is
dissipated to the environment in the form of frictional heat and material removal (wear).
It was reported that 11% of the total energy consumption in transportation, power
generation, and machinery industries in the United States can be harvested through
tribology [1]. Therefore, the minimization of such energy losses can increase the
efficiency of the systems significantly, and ensure operational stability and longevity,
omitting frequent maintenance and the associated costs. However, the consideration of
tribology is sometimes downgraded or even neglected due to the interdisciplinary and
complex nature of the subject, which includes engineering, physics, metallurgy, and
chemistry. The effect of each discipline on the tribological response of an engineering
system is intensifying when harsh environments prevail, for example high temperatures
(HTs) and high pressures (HPs).

The widely used friction-reducing polymers are not suitable for HT applications
(> 300°C), as their mechanical properties deteriorate, therefore the use of ceramic and
metallic alloys is imposed. Furthermore, the application of thin coatings on metallic
surfaces is becoming more and more prevalent in the industry, where there is a huge

demand for particular surface characteristics, while the parent metallic substrate cannot be



change due to regulatory and operational concerns. The coatings technology is a mature,
well-developed field, driven by the dimensional accuracy and the numerous deposition
techniques, including physical vapor deposition (PVD), chemical vapor deposition
(CVD), electrostatic spray deposition (ESD) etc., which allow the modification of almost
any substrate. Another advantage of coatings is the utilization of them as sacrificial layers
for particular operations, for example running-in or starting periods in interacting friction
surfaces. Also, the coatings can be re-applied on damaged surfaces without the need to
replace all the equipment (i.e., rotating shafts in engines, and bearing systems), therefore
reducing maintenance costs. However, there are a few technical concerns that should be
met for the successful implementation of substrate-coating systems. For example, the
coatings should be well-adhered to the substrate, and there must be no thermal property
“mismatch” that might cause delamination of the coating. The best way to accommodate
these concerns is with the use of a bonding interlayer between the coating and the
substrate.

Diamonds and their constituents, for example amorphous hydrogenated (a-C:H)
diamond-like carbon (DLC) and polycrystalline diamond (PCD) coatings, demonstrated
excellent tribological performance under different experimental conditions [2-5]. Plasma
sprayed (PS) series 400, (PS400), a NASA-developed HT coating is considered a
frontrunner among a series of PS coatings, and it is intended for HT and high speeds for
turbine engine applications (coating material on the rotating shaft) [6]. Also, PS400
suffered from generating high friction and wear under RT conditions, attributed to the

inability to form lubricious oxide glazes that would have mitigated the contact. In a study
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by the author (as will be discussed in Chapter 2), the significance of selecting an
“appropriate” mating surface to the PS400, in particular, was explored and suitable
interfaces with enhanced tribological properties at RT and HT conditions is reported [7].

To illustrate the importance of the environment, a selected tribo-pair from Chapter
2 was further examined under air and COz, as will be discussed in Chapter 3. It is widely
accepted that at HT oxidative environments (i.e., in air), the formation of tribo-chemically
induced oxide layers at the interface control the friction and wear, and it usually provides
a buffer mechanism wherein the direct contact of metallic surfaces is avoided [8]. The
selection of CO2 environment was driven by the design of tribological materials for Venus
bearing applications, as will be further discussed in Section 1.2. This study by the author
was the first reported study towards suitable materials for Venus exploration [9].

Another important aspect of tribology is the effect of environmental pressure on
the tribological performance of the materials under examination. The study of high CO-
pressure is not adequately studied in the literature, as it only considers air-conditioning
applications where CO3 is being used as a refrigerant [10]. Also, when HT is included in
the system the complexity is further compounded. The author studied the effect of HP and
HT in a high pressure high temperature (HPHT) tribological setup pertaining to Venus
future missions for surface and near-surface exploration using rovers, drills, and balloons,
as will be discussed in Chapter 4 [11].

The Venusian harsh environment can have an adverse effect on the exposed
surfaces via different chemical interactions, for example oxidation and corrosion. While

the effect of long-duration VVenusian exposure is thoroughly studied by exposing sensors,



electronics and packaging in the Glenn Extreme Environments Rig (GEER) [12], where
the exact composition of Venusian environment is simulated, the same effect on
tribological materials is yet to be explored. In Chapter 5 the effect of VVenusian exposure
on the chemical and mechanical properties of friction-reducing materials is studied, and
in Chapter 6 Venusian-aged bearing materials were subjected to a tribological study.

Another special HT environment is for nuclear power and generation wherein
higher outlet temperatures of the reactors (>750 °C) will increase the efficiency of power
plants [13]. Tribological parts in very-high temperature reactors (VHTR) and high-
temperature gas-cooled reactors (HTGR), for example valves and control rods will
encounter severe conditions and their contact behavior are of vital importance in
maintaining reactor stability and operational integrity [14]. In Chapter 7 a novel surface
hardening technique is introduced and proved to have beneficial tribological effect of HT
nickel-based alloys [15].

As mentioned earlier, the nature of polymeric materials prevents their more
prevalent utilization in HT applications, and their operating temperature is up to 300°C,
for high performance polymers (HPPs), as aromatic thermosetting coPolyester (ATSP)
[16]. Such HPP are composite polymer blends wherein the matrix phase provides
structural integrity and good accommodation to the lubricating additive phase. Again, the
use of polymer coatings (instead of bulk composites) is beneficial mainly due to two
reasons; (1) better heat dissipation and (2) higher bearing capacity. Among HPPs, ATSP
and polytetrafluoroethylene (PTFE) blends depicted excellent tribological behavior in a

wide range of temperatures, from RT to 300°C [16]. However, to further reduce the
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coefficient of friction (COF) and to realize superlubricity, novel additives could be added.
In Chapter 8 the efficacy of a novel microencapsulated phase-change material (MPCM)
additive in reducing the COF towards macro superlubricity is discussed.

This work studies the tribological performance of materials under extreme
conditions. The main focus is related to bearing materials for Venus conditions and the
results are discussed in Chapters 2-6. A unique surface technique targeting the betterment
of the tribological behavior of HT alloys for nuclear reactor applications is proposed, and
the results are discussed in Chapter 7. Another extreme condition is when tribological
surfaces generate ultra-low frictional forces, and a novel phase-change additive is
introduced and discussed in Chapter 8. In each chapter detailed information of the
background and challenges is given and is also summarized in the following section.

1.2. Background and challenges

In this section a brief background and challenges associated with each application
described in Section 1.1 is discussed. Venus has been the topic of new exploration to
investigate why the planet took such a different evolutionary path from accretion,
compared to Earth, as it is believed that the atmospheres of both planets once had the same
water and CO: levels [17]. Venus is similar to Earth in terms of size, distance from the
sun, mass, and composition [18], however, significant technical challenges exist in Venus
exploration. Compared to terrestrial conditions, the surface pressure is nearly 92 times
higher, and the environment is primarily 96% CO: gas, and 3.5% N>, and minute traces of
Ar, H2S, SO, HF, and HCI (with SO> being the dominant minor gas) with extremely hot

(464°C mean surface temperature) and dry conditions [17]. The complexity of the
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atmosphere is further compounded by the presence of dense sulfuric acid clouds above ~
40 km from the surface [17]. In fact, previous planet Venus landers were able to transmit
data for only a few hours, before succumbing to the harsh environment [19]. The
successful accomplishment of future missions and in-situ investigation of Venus surface
in a long-duration operation requires moving mechanical components that can withstand
such extreme conditions [18]. For example, moving mechanical parts of entry probes,
landers, sampling drills and balloons will encounter harsh environments and their
continuous operation is vital for the successful accomplishment of long-duration missions
to Venus. In addition to the HTs, the bearing materials will face lower temperatures while
descending [20], therefore an enhanced tribological behavior at moderate and ambient
temperatures (RT) should be demonstrated. In order to assess the tribological behavior of
potential “candidate” materials, a specialized apparatus (called tribometer) should be
designed and manufactured. In this work, an existing ultra-high pressure tribometer
(UHPT) was modified to be able test specimens under Venus environmental conditions.

Detailed design of the HPHT chamber of UHPT is provided in the Appendix.

For future generation nuclear reactors, the operating temperature of bearing
materials, for example bushings in the controlling rods and valves is much higher than the
mean surface temperature on Venus, that is 464°C (also the environment is different),
therefore a different approach on the material selection and testing protocol should be
taken. Besides, the starting point for material selection for nuclear reactors is already set,
and there is regulatory scrutiny from the responsible commissions where the selection and

testing of new materials could take 10+ years. At the same time, there is a need for low
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friction and wear generation of the HT nickel-based alloys commonly used in nuclear
reactors. Increasing demand for electricity production, coupled with more conservative
regulations for clean and reliable energy have resulted in extensive research and
development in nuclear power production during the past decade. The Generation 1V
International Forum has launched promising nuclear energy system concepts, seeking
more sustainable, reliable, and efficient power plants [13]. A VHTR and HTGR are among
the selected candidates to operate at high outlet temperatures (above 750°C) designed to
reach 60-year operational lifespan [21]. Although helium is an inert gas, it inevitably
contains impurities resulting in accelerated surface degradation for mechanical
components in coolant circulation systems [22]. Besides exposure to harsh VHTR and
HTGR environments, tribological parts in these reactors, in particular, undergo low speed
sliding (e.g., valves and control rods under intermittent oscillatory motion and often
combined with long idle times), or high frequency small vibratory condition (e.g., fretting
in heat exchanger joints). Accordingly, their contact behavior are of vital importance in
maintaining reactor stability and operational integrity [14]. Previous studies on the
commonly used HT nickel-based alloys under He environment reported high friction and
wear [23,24], due to a significant degradation of the mechanical properties (i.e., Young’s
modulus and hardness) and the failure to accommodate (due to low bearing capacity) any
favorable tribo-chemically induced superficial oxide layer during sliding [25]. Therefore,
a surface hardening modification technique was implemented in this study to enhance the

surface properties of HT Ni-based alloys.



As seen in the previous paragraphs, the HT and the environment add complexities
either in the form of material limitations or experimental capabilities. However, another
kind of intricacy can come from extremely low friction requirements for the development
of smart surfaces and multifunctional structures for engineering applications. While
superlubricity (COF < 0.01) can be realized at the nano-micro level via an
incommensurability phenomenon and using exotic materials [26], generating
superlubricity at the macro level is intricate due to the presence of structural defects and a
lattice disorder of the contacting surfaces. This is evident by the sparse literature wherein
superlubricity was achieved in the macro-level [27,28]. In this study, a novel phase-change
additive is proposed for ultra-low macroscopic friction engineering applications. A
summary of the applications and indicatives COF values with the corresponding studies

of each chapter is schematically given in Figure 1.1.

Macro-superlubricity Venus exploration Nuclear reactors
COF = 0.03 COF =0.32-0.35

Timeline of major milestones in structural Artistic representation of NASA's AREE Helium cooled very high
superlubricity research [29] concept [30] temperature reactor [31]
ATSP + MPCM PS400, DLC, LPed INC 617
coatings TiMoS, coatings bulk
B
25°C 200°C 467°C 800°C
Chapter 8 Chapters 2-6 Chapter 7'
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Figure 1.1 Summary of applications and challenges and the corresponding studies of each
chapter [29-31].
1.3. Objectives and outline

An overall research outline of the different studies and the corresponding
approaches of investigating suitable materials for (1) Venus, (2) nuclear reactors and (3)
superlubricity extreme condition applications is shown in Figure 1.2. Also, the need,
limitations, and contribution for each application is shown in the flow chart. As mentioned
in Section 1.1, there is a need for the development of advanced materials which can
withstand harsh Venusian conditions, however, this requires specialized testing at HTs
and HPs. While there is a plethora of tribological studies under CO, environment, the
addition of HT has not been extensively studied, as most of the applications are for
compressors in refrigeration systems [10,32-34].That was also the driving force of this
study, with the goal/contribution of developing interfaces for Venusian conditions. In the
1%t approach (Chapter 2) potential coatings seeking low friction and wear at low and HT
under ambient environment were introduced. It is generally true that every new material
is tested in ambient conditions first, followed by more specialized testing. If adequate
behavior was observed, then the 2" step was followed, otherwise new materials were
introduced. In the 2" step (Chapter 3) the environment was changed to ambient pressure
(AP) CO2, and an additional intermediate temperature was added. At the 3" step (Chapter
4) the tests were performed under HP CO> atmosphere and at the exact surface temperature
of Venus, that is 464°C. During the 4™ step selected tribo-surfaces were subjected to short-

duration Venusian aging and the chemical/mechanical and tribological properties were



examined, as discussed in Chapter 5 and Chapter 6, respectively. At each iteration the
tested samples were characterized by analytical techniques, and appropriate connections
with the tribological behavior were made.

The motivation, approach, limitations, and contribution regarding the
implementation of a surface technique that can enhance the mechanical and tribological
attributes of tribological HT alloys, for example mechanical parts in the controlling rods
and valves of nuclear power plants is shown in the right-hand side of Figure 1.2. While
there are several surface hardening techniques, for example shot peening, the resulting
surface of the treated samples is such that generates high frictional forces due to high
roughness. Herein, a novel laser peening method was introduced that can enhance the
tribological and mechanical properties of a HT alloy, under 800°C He nuclear reactor
environment, as discussed in Chapter 7.

Finally, the respective flowchart of realizing superlubricity is also presented in
Figure 1.2. Driven by the motivation of the development of ultra-low friction-generating
materials, a novel phase-change additive was added to an advanced polymeric matrix for

engineering practical applications. The results are presented in Chapter 8.
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2. TRIBOLOGICAL BEHAVIOR OF PS400-RELATED TRIBO-PAIRS FOR SPACE

EXPLORATION®

2.1. Introduction

Maintaining low COF and low wear between sliding interfaces at HT is a major
challenge in tribology, due to changes in the mechanical and chemical properties of the
rubbing surfaces [23]. Many bearing systems such as in space applications [35], gas
turbine engines [6], and power generation and conversion in nuclear reactors [24], operate
at HT harsh environments. In such environments, conventional liquid lubricants are
infeasible due to thermal degradation above 250°C [36], thus, the utilization of solid
lubricants is inevitable. As the contribution of individual solid lubricants is limited in a
narrow range of temperatures, and seeking to expand the applicability range, Sliney
introduced different solid lubricants, such as silver and fluorides [36]. Scientists
implemented such solid lubricants into intermetallic matrix composites [37,38], ceramic
matrix composites [39], and self-lubricating composite coatings [40].

Metal alloys have also been investigated for HT applications, which their
acceptable tribological behavior relies on an oxide layer formation at the interface [24,41—
43]. Scientists at NASA Lewis Research Center advanced Sliney’s work PS100 [36] and

developed a series of self-lubricating HT coatings belonging to the PS-family [6,44-46].

* Reprinted with permission from “Tribological behavior of PS400-related tribopairs for space
exploration” by Vasilis Tsigkis, Kian Bashandeh, Pixiang Lan, Andreas A. Polycarpou, 2021. Tribology
International, 153, 1-13, Copyright 2023 by Vasilis Tsigki.
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The latest reported version of the coating, namely PS400 is constituted of a Ni-based
matrix, a hardener oxide phase, and solid lubricants. Specifically, Ni-Mo-Al acts as a
supportive matrix and provides strength and creep resistance. Chromium oxide is added
to the matrix as a hardening agent to further increase the wear resistance of the composite.
Silver and barium/ cadmium fluorides eutectic act as low and HT solid lubricants,
respectively.

DellaCorte et al. tribologically tested PS400 up to 650°C in ambient conditions
and high sliding speeds (3 m/s), and low COF and wear at HT were reported. However,
when sliding at RT (25°C) a significant increase in the COF was observed, associated with
the inability of PS400 to form lubricious glazes at low temperatures [6]. Radil et al.
examined the tribological performance of PS400 from 260 to 927°C and showed
significant softening of the nickel-based matrix at 760°C, whereas the coating was
thermally unstable at 927°C. The beneficial contribution of the lubricious transfer film
was clearly detectable from 538 to 760°C. However, at 260°C, the absence of an oxide
glaze film, and the low lubricating performance of the solid lubricants resulted in high
COF and wear [47].

Li et al. modified the PS400 Ni-based matrix and increased the concentration of
the solid lubricants. The bulk composite prepared by sintering demonstrated a low COF
from RT to 800°C at moderate sliding speeds (1 m/s). Silver and fluorides provided
adequate lubrication, still without the formation of a glaze oxide film [48]. Nonetheless,
previous studies on PS400 were focused on tribologically testing the coating against

nickel-based [6,35] and cobalt-based [47] superalloys, targeting HT applications. Also,
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high sliding speeds were prevailed, associated with turbine engine application, as a coating
material on the rotating shaft [6], or as sliding bearing composite [47]. However, several
low-speed space-related applications, such as bearing components on the entry probes and
long-lived balloons for future missions to Venus, will operate in the upper atmosphere
where similar to Earth temperatures prevailed [20]. Thus, there is a need for a new counter-
surface material, which can enhance the tribological behavior at RT conditions, and
expand the operation range of PS400.

Typically, sliding at RT exhibits less challenges. Ceramics are favored materials
for tribological applications due to their high hardness, corrosion resistance, low thermal
expansion, and low density [49,50]. In fact, crystalline carbon-based materials, such as
PCD, or the DLC family of coatings are excellent candidates for ultra-low friction and
wear [2,3]. PCD coatings are prepared by sintering resulting in a coarse micro-crystalline
structure. Qin et al. tested sintered PCD in nitrogen atmosphere and varying relative
humidity (RH) content and reported a reduction on the COF with decreasing RH, but
longer run-in periods occurred [3]. The same authors explored the performance of PCD at
low RH content and nitrogen environment, against different ceramic mating surfaces and
measured a low steady-state COF due to graphitic or amorphous carbon structures and
material transfer to the counter-surface [4]. However, limited literature exists on the
tribological performance of PCD under HT. Erdemir et al. tested PCD and DLC up to
400°C and reported the integrity of PCD with a deterioration of COF and wear up to

400°C, and thermal degradation of DLC above 300°C [5].
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DLC has superior performance at RT conditions, but its mechanical properties
severely degrade above 500°C [51] due to graphitization. Wang et al. investigated the
influence of annealing temperature on the tribological performance of a-C:H DLC
coatings and an increasing trend of COF up to 300°C, with a subsequent decrease from
400 to 600°C, due to graphitization was reported. In the case where DLC slid against a
hard ceramic counter-surface, when annealed at 600°C, the coating was penetrated [52].
Deng et al. showed that regardless of the penetration of the a:C-H DLC film at 200°C, it
can still maintain low friction due to the formation of graphite-rich transfer layer [53].

Besides diamond and its different forms, cermet coatings are being used for several
industrial wear protection applications due to their intrinsic characteristics of combining
a hard ceramic with a ductile metal that gives high hardness and toughness, respectively
[54,55]. Khan et al. investigated the friction and wear mechanisms of molybdenum boride
cobalt chrome (MoB/CoCr) for die-casting applications and reported low COF and “zero
wear” after sliding for a very short time at RT [56]. However, a broader application range
requires prolonged sliding time.

Adequate tribological behavior of PS400 at low temperatures has been a challenge
and high values of COF and wear were reported [6,35,47]. In this chapter, the tribological
performance of several metallic alloys and ceramic coatings was investigated against
PS400 coating, at 25 and 500°C, and at low sliding speeds ranging from 0.05-0.25 m/s in
ambient environment. The ambient atmosphere does not replicate non-terrestrial
conditions, where vacuum, or other gases (COz, N2, O2) prevail. Besides, the current study

focused on a downselection of different mating surfaces against PS400, targeting the best
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tribo-pair at 25, and 500°C. The tribological behavior of a selected tribo-pair at an
intermediate temperature was examined in the next chapters to capture any radical shifts
on the COF. The worn surfaces and transfer films were studied, and correlations were
found to the tribological performance.
2.2. Experimental
2.2.1. Materials and sample preparation

4130 steel disk substrates (25.4 x 25.4 x 6.35 mm) and cylindrical titanium pins
with hemispherical face and diameter of 6.35 mm were coated with the desired materials.
The pins were coated via PS with PS400 coating (Adma Products Inc). The chemical
composition of the PS400 coating, a multi-component alloy, is provided in Table 2.1. The
as-deposited coating had a thickness of 250 um and the coating was polished down to 1.3
um root-mean-square (RMS) surface roughness by a sequence of silicon carbide
sandpapers down to 800 grit size. Then, the coating thickness reduced to about 200 um.
The disks were coated with three different materials: Balinit® DLC, PCD, and MoB/CoCr,
which were prepared by Oerlikon Balzers, USSynthetic, and Kermetico, respectively.

The DLC coatings were deposited by CVD with a thickness of 2 um and hydrogen
content of 20-40 at%. The as-received coating featured a surface roughness of 0.35 pm
RMS. Below the DLC and on top of the 4130 substrate a 9 um thickness Cr-N inter-layer
was deposited for better adhesion of the DLC coating. PCD was prepared by sintering
small diamond particles at HP and HT in the presence of a liquid metal catalyst (cobalt)
and bonded to a tungsten carbide inter-layer. The diamond and carbide were adhered to

4130 steel substrate by HT brazing. The total thickness of the two layers was 5 mm and
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the RMS roughness of the as-received diamond coating was 0.3 um. MoB/CoCr coatings
were sprayed by high velocity air fuel (HVAF) onto the 4130 steel-substrate with a total
coating thickness of 300 um. A metal mixture of nickel, silicon, and boron was first
sprayed by HVAF to enhance bonding with the substrate and the roughness was 0.24 um
(RMS) after grinding.

The tribological performance of tribo-pair PS400 coating vs. bulk 4130 steel
substrate (RMS 0.75 um) was served as the baseline, and PS400 coating vs. other coatings
were used to identify a better tribo-pair for the Venus application: at both low and HT.
The mechanical properties of the samples are presented in Table 2.2 and were acquired
either from the vendors or the literature. The mechanical properties of PS400 are dictated
by the Ni-Mo-Al supportive matrix that gives a hardness of 2 GPa, similar to the mild
4130 steel. On the other hand, diamonds are extremely hard, especially in their
polycrystalline form with a hardness up to 50 GPa, whereas DLC has a maximum hardness
that is half that of PCD. MoB/CoCr has lower hardness than diamonds but is around 5
times harder than the PS400. Clearly, all the coated counter-surfaces of PS400 possess

significantly higher values of both hardness and Young’s modulus.

Table 2.1 Chemical composition of PS400 provided by the manufacturer (units are in
wt.%). Reprinted with permission from [7].

PS400
Binder matrix Hardener Solid lubricants
Ni Mo Al Cr203 Silver BaF,/CaF>
63 35 35 20 5 5
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Table 2.2 Mechanical properties of samples. Reprinted with permission from [7].

Material ~ Hardness (GPa) Young’s Poisson’s
modulus (GPa) ratio

PS400 2+0.16" 83[57] 0.28 [57]
4130 Steel 2.03 205 0.29

DLC 15-25™ 170[58] 0.2 [59]

PCD 49.8" 810 [3] 0.07[3]
MoB/CoCr  9.8-11.8" 100 [60] 0.3 [60]

“Measured using Vickers’ indentation, “"Provided by the vendor.

2.2.2. Experimental procedure

Four different pairs were tribologically tested. PS400 spherical pins were slid
against bare 4130 steel substrate disks, and against DLC, PCD, and MoB/CoCr coated
disks. Before each experiment, the samples were ultrasonically cleaned for 10 minutes in
an acetone bath at 40°C. Then, they were rinsed with isopropanol to remove any remaining
debris that may stick to the surface, before forced dry with hot air. Thereafter, the pin was
fixed on the pin holder, and the disk was placed on the disk holder. For HT experiments,
the furnace was heated up to 500°C, while the temperature was recorded using a
thermocouple placed close to the contact region. After five minutes of constant
temperature inside the furnace, the pin and disk were brought into contact and the
experiment was initiated by rotation of the disk. The relative humidity (RH) was measured
as 42%. The recorded in-situ normal and friction forces were used to calculate the in-situ

COF.
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The experimental conditions are shown in Figure. 2.1. The speed curve resulted
in 240 m sliding distance and 2,970 cycles after 25 minutes of running time. A normal
constant force of 5 N induced an initial maximum Hertzian pressure (p) of 462.5, 440.6,
540.4, and 388.8 MPa between the PS400 pins and 4130 steel, DLC, PCD, and MoB/CoCr
disks, respectively. The circular wear track on the disk shown in Figure. 2.1(b) had a
mean diameter of 17.5 mm. Each tribo-pair was first tested under RT and successively at
500°C in ambient environment. The worn surfaces of the samples were examined after the
end of the experiments at both 25, and 500°C. After HT experiments, the samples were let
to cool naturally. Then, the samples were removed, rinsed with isopropanol, dried under
hot air, and stored in a desiccator. A minimum of three experiments for each tribo-pair

were carried out to assure repeatability.
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Figure 2.1 Experimental details. (a) Experimental conditions showing sliding speed and
normal load versus time, and (b) pin-on-disk contact configuration. Modified with
permission from [7].
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2.2.3. Characterization
To measure the depth of the wear track and the resulting wear volume of the disks,
a Dektak (Bruker) stylus profiler was used. The wear volume (V) for each disk was

calculated by:
V=["2nxrxhxdr=3L 2nxr Xh4r (1)

And the wear rate (/) by:

v—_"_
W_de (2)

Where ri and ro are the inner and outer radii of the wear track, respectively, h is the
measured profilometric wear depth, 4r is the step increment of radius, F is the applied
normal force, and d the total sliding distance, as shown in Figure. 2.2(a, b) [38]. The wear
scans were performed perpendicular to the wear tracks, and four measurements for each
sample were carried out at four different locations to obtain the average wear volume on

the wear track. The wear volume on the spherical pins was calculated by:
V= g X h'(3r'2 + h'?) 3
Where A’ is the height of the worn spherical pin and ' the radius of the scar measured by
the optical image of the pin (using an Olympus DSX510 optical microscope), as illustrated
in Figure 2.2(c, d). The height, /' can be calculated by:

R?2 —1r'2 4)

Where R is the radius of curvature of the pin [4].
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Optical microscopy was employed on the worn pins and disks after testing at RT,
and 500°C. Scanning Electron Microscopy (SEM) was performed on the unworn and
worn areas of the disks after the HT experiment to examine the topography of the
surfaces. EDS was used to measure the chemical composition of the material transfer for
some of the samples. SEM and EDS analyses were performed in a Vega Il LSU SEM
that was equipped with EDS detector. All the SEM images and the EDS scan were

acquired using 5KV and 20KV operational voltages, respectively.
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Figure 2.2 Schematics and measurements of worn disk and pin: (a) top view of a worn
disk; (b) typical cross-section of the worn area on the disk (a); (c) 3D representation of a
worn pin; (d) typical cross-section of the worn area on the pin. Reprinted with permission
from [7].

Raman Spectroscopy was carried out to examine the graphitization of DLC coating
after the experiment at 500°C, by employing a Horiba Jobin-Yvon LabRam HR Raman.
It is equipped with an Olympus BX 41 confocal microscope, and a laser source of 633 nm
wavelength was used for Raman scattering excitation in the wavenumber range of 500-
2000 cm™,

2.3. Results and discussion
2.3.1. COF

To examine the tribological performance of the samples at both 25 and 500°C,
experiments of PS400 pins against four mating surfaces, namely 4130 steel, DLC, PCD
and MoB/CoCr disks, were performed. Figure 2.3(a) shows typical in-situ COF of all
tribo-pairs at 25°C, and the corresponding average COF values are given in Figure 2.3(c).
The average COF values at both temperatures were calculated from the data acquired
during the last 40% sliding of each speed step. The error bars represent + 1 standard
deviation of the average COF between repeated experiments. The evolution of the in-situ
COF of 4130 steel, PCD, and MoB/CoCr was unstable, with no distinct trend with sliding
speed or time. The values were scattered between 0.5 and 0.85 and resulted in high average
COF values of 0.65 £ 0.07, 0.66 + 0.04, and 0.76 = 0.07, respectively. A fluctuation in the

friction of PCD from 15 to 20 minutes can be observed and could be associated with the

generation of regions with high amounts of accumulated debris at the interface [41].
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DLC showed a constant region for the first 10 minutes of low COF, around 0.2
followed by a rapid increase at 0.26 for 5 minutes and then smoothly decreased to 0.25, at
the end of the experiment, resulting in a low average COF of 0.24 £ 0.03. The intrinsic
characteristics of DLC dominated the contact and a low COF was measured. The
lubricating mechanisms of a-C:H DLC coating are as follows: the chemisorbed hydrogen
that is incorporated into the coating during the deposition process or the oxygen present
in the air can passivate the dangling bonds formed at the surface by the continuous rubbing
and prevent strong bond formation with the counter-surface [2,52]. In fact, both
mechanisms could have been in effect since the a-C:H DLC samples had a hydrogen
concentration of 20-40 at%, and all experiments were carried out in ambient atmosphere,
thus the presence of oxygen. The DLC coating exhibited a significant decrease in the
average COF of 63%, compared with the uncoated 4130 steel.

Figure 2.3(b) depicts the in-situ COF of the four tribo-pairs at 500°C and the
respective COF values are shown in Figure 2.3(d). 4130 steel had a moderate average
COF of 0.5 + 0.04, a 23% decrease compared with RT, associated with the activation of
the solid lubricants of PS400 at HT [6,35,47,61]. DLC and PCD exhibited low average
COF of 0.4 £0.04 and 0.36 £ 0.02, respectively. For the case of DLC, a run-in period for
2.5 minutes with high friction, at 0.53 + 0.04, can be observed, followed by a monotonic
decrease at 0.34 after 25 minutes of sliding time. When PS400 slid against PCD, a constant
COF for the first 20 minutes of 0.37 = 0.02 was observed, followed by a decrease to 0.3
during the last 5 minutes of the experiment. MoB/CoCr followed a similar trend as RT by

demonstrating high COF with an average value of 0.73 + 0.04.
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Figure 2.3(e, f) summarize the variation of the COF against sliding speed for the
four tribo-pairs at 25 and 500°C, respectively. Small dependence of the COF with sliding
speed can be seen, especially at RT where the fluctuations of COF were less pronounced,
and the values are falling within one standard deviation. At 500°C, 4130 steel followed a
monotonic increase of friction with increasing speed, whereas MoB/CoCr showed a
decreasing trend with higher sliding speed. DLC depicted the smallest/negligible variation
in COF at both temperatures, and thus demonstrating independence of COF with sliding

speed.
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Figure 2.3 COF: (a) 25; (b) 500°C, and corresponding average values at (c) 25; (d) 500°C.
COF versus sliding speed at (e) 25; (f) 500°C of the four tribo-pairs. Reprinted with
permission from [7].
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2.3.2. Wear

Typical wear profiles for the uncoated and the three coated disks, when slid against
PS400 pin at 25 and 500°C, are presented in Figure 2.4. The wear scans of 4130 steel
served as a reference. The uncoated surface showed a wear depth of around 0.5 um at
25°C, whereas at 500°C moderate and deep grooves of a maximum 8 um depicted the
severity of the contact and an indication of abrasion, as shown in Figure 2.4(a). DLC
demonstrated immeasurable “zero wear” at RT, whereas at 500°C, a sharp peak in the
profile shows that material transfer from PS400 was piled-up along the narrow contact
region, as illustrating in Figure 2.4(b). PCD also depicted material transfer from the pin
to the disk at both temperatures. At RT, a uniform thin film of 0.5 pm formed on the
surface of the disk within the sliding contact. At 500°C, an additional 2 pm material
transfer was seen, as shown in Figure 2.4(c). MoB/CoCr disk at RT showed a narrow
wear track of 1 um in depth, whereas at 500°C a wide valley of 1.5 pm in depth, can be
observed, as shown in Figure 2.4(d). This depth corresponds to 0.4% of the total coating

thickness.
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Figure 2.4 Typical wear scans: (a) 4130 steel; (b) DLC; (c) PCD; (d) MoB/CoCr disks at
25 and 500°C. Reprinted with permission from [7].
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The corresponding wear profiles of the pins are presented in Figure 2.5. PS400
pin when slid against 4130 steel showed considerable wear, especially at 500°C, where a
slice of a maximum height of 50 um was worn off. Also, the worn surface at 500°C went
through some light plowing, as Figure 2.5(a) depicts. Figure 2.5(b) shows the wear scan
of the pin slid against DLC. It is clear that at both temperatures the coating experienced
negligible wear and the effectiveness of the DLC coating in reducing the wear is
demonstrated. The pin against PCD depicted similar wear profiles at both temperatures,
as illustrating in Figure 2.5(c). However, a slightly higher wear depth of the pin at 500°C,
compared with RT, can be observed. The flat profiles of the pins within the contact region
(1-3 um) at both temperatures indicate a filling effect where some loose wear debris from
the PS400 pin were “trapped” between high asperities and reduced the surface roughness
from 1.3 to 0.2 um RMS. The extreme hardness of the PCD disk, was compensated by the
uniform film transferred on its surface at the early stages of sliding and no further wear of
the pin occurred.

The pin slid against MoB/CoCr experienced significant wear, especially at 500°C,
where the original curved profile flattened and a considerable amount of material was
removed from the tip. The worn surface at 500°C demonstrated high roughness, indicating
intense abrasion, as seen in Figure 2.5(d). The high wear values are associated with the
high hardness of MoB/CoCr, compared to PS400 that led to the removal of material during
sliding. In fact, the inability of PS400 to be transferred onto MoB/CoCr and form a
uniform glaze film, resulted in the direct contact of the sliding surfaces. The Ni-Mo-Al

matrix of PS400 dictates the mechanical properties of the composite and its maximum
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operating temperature is below 600°C [47]. It is plausible that at 500°C, the alloy matrix
experienced some deterioration of its mechanical properties. On the other hand,
MoB/CoCr has a maximum working temperature of 900°C. Thus, the difference in
hardness between the two coatings is more pronounced at 500°C, than at RT and a higher

wear was seen.
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Figure 2.5 Typical wear scans of corresponding PS400 pins slid against (a) 4130 steel;
(b) DLC; (c) PCD; (d) MoB/CoCr disks at 25 and 500°C. Reprinted with permission from

[7]1.
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The wear rates of the four tribo-pairs are summarized in Figure 2.6, which were
calculated using equations (1) to (4). Figure 2.6(a, b) show the wear rate of the disks and
pins, respectively. Note that the negative values in Figure 2.6(a) represent material gain
(transfer) on the surface of the disks. The uncoated 4130 steel and MoB/CoCr disks had
the highest wear at both 25 and 500°C, and an increasing trend with increasing temperature
can be observed. This is in accord with the wear profiles shown in Figure 2.4(a, d) at
500°C, where moderate and deep grooves at RT and a wide shallow valley at 500°C, were
present. The lower wear rate of MoB/CoCr is associated with its higher hardness. The
wear values of 4130 steel and MoB/CoCr at both temperatures fall into moderate wear
(10° mm3N*m range), according to the criterion of DellaCorte et al. [62]. The absence
of DLC value at RT indicates “zero wear,” whereas at HT, “negative wear” was observed
due to the transfer film, which protected the DLC coating from wearing off. PCD had a
significant material gain from the pin, especially at RT, where a uniform film was initially
formed.

Figure 2.6(b) summarizes the wear of PS400 pins when slid against the four
mating surfaces at 25, and 500°C. The corresponding pins when rubbed against PCD and
MoB/CoCr demonstrated the highest wear rates at both temperatures. Moderate wear of
the pins against PCD at both temperatures was maintained. On the other hand, the pin
against MoB/CoCr depicted significant wear at 500°C, rising from moderate values at RT
to high values at 500°C (10 mm3N-*mrange) [62]. Also, this value was almost one order
of magnitude higher than the respective pin wear rate against PCD at 500°C. Direct contact

between the sliding materials was detrimental for the softer PS400 surface. The pin against
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4130 steel had a transition from low (10 mm3N-*m range) to moderate wear at HT [62].
The only time when the PS400 pin experienced low wear rate values at both temperatures
it was when slid against DLC, with 2.73x10° and 9.98x10® mm®N-*m at 25 and 500°C,

respectively.

(@ (b)
6.0x10° DISKS S PINS
=X E]]‘;l? Steel  [material removall X Eatﬂo Steel
S p
g 4.0x105{ CMoB/CoCr oo ] MoBICoCr
Z £
N 4
E 2.0x10° ’?E
e £ 2.0x10* Il
% P : :
E 0-0 E 111111 "11 I , ’ ]
s 5 "Zero wear" § 1.0x10% ool B ,'”%CJ (| »GT 1
-2.0x10° = P =
| 1
-4.0x10° 0.0 i N ‘:‘—"I_E— ‘
25°C 500°C | 25°C 500°C |

Figure 2.6 Wear rates of the four tribo-pairs at 25 and 500°C: (a) disks; (b) pins. Reprinted
with permission from [7].

Figure 2.7 shows the COF against wear rate for the four disks at 25 and 500°C.
The COF was measured from the highest sliding speed, that is 0.25 m/s. At 25°C, 4130
steel, PCD and MoB/CoCr showed high COF values of 0.62, 0.67, and 0.89, respectively.
4130 steel had the highest wear rate, followed by MoB/CoCr, whereas PCD experienced
significant material gain, thus negative wear. DLC possessed the lowest COF of 0.3 and
“zero wear.” At 500°C, 4130 steel and MoB/CoCr possessed the highest friction but with
11% and 45% lower values, compared to RT. Also, their wear values did not change

significantly. The COF of PCD was also reduced by 44% and at a value of 0.38. On the
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other hand, DLC experienced a 24% increase and had a COF slightly less than PCD. Both
PCD and DLC demonstrated negative wear values.

Comparing the average COF values of the four tribo-pairs, the only remarkable
difference is that the tribo-pair PS400 against MoB/CoCr demonstrated a favorable
behavior, in terms of friction, when slid at the highest speed and at 500°C. In fact, a
reduction of the COF by 33% between the two COF values occurred. DLC had the lowest
COF values at both temperatures and zero wear, thus making this material combination

favorable and applicable at both RT and 500°C.
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Figure 2.7 COF: (a) 25; (b) 500°C, and corresponding average values at (c) 25; (d) 500°C.
COF versus sliding speed at (e) 25; (f) 500°C of the four tribo-pairs. Reprinted with
permission from [7].

2.3.3. Optical microscopy

Figure 2.8 presents the optical images of the worn surfaces of the disks and pins

at RT, and 500°C. At RT, 4130 steel showed a distinct wear track with mild contact, and
32



no indication of transfer film. The corresponding PS400 pin went through some
burnishing. PS400 generates high COF at RT, as in Ref. [6,35], attributed to its inability
to form a tribo-chemically oxidized glaze film on the counter-surface. Hence, the tribo-
pair relied solely on the low temperature solid lubricant (silver) for lubrication. The low
concentration of silver in the composite (5wt%), was inadequate for effective lubrication
[47], resulting in high COF. Li et al. increased the concentration of silver from 5 to 12
wt% in a similar Ni-based matrix and reported a lower COF [48].

The DLC demonstrated extreme wear resistance and low COF. In fact, the wear
track was barely visible, and the counter-surface experienced mild contact. The absence
of a glaze oxide transfer film was compensated by the excellent lubricious characteristics
of DLC at RT conditions, resulting in low COF. PCD gained significant material from
PS400, and a uniform film was formed on the sliding surface. The pin exhibited significant
wear, as this material was “consumed” on PCD to form a uniform dense film. However,
this film had poor lubrication performance, as the glazed oxides are only formed when
sliding at HT (in air) [6]. Thus, high friction was observed. The lubricating mechanisms
of PCD were also terminated by the formation of the transfer film on the surface.
MoB/CoCr experienced mild contact at 25°C with some polishing on the surface. The
corresponding pin had higher wear than the pins against 4130 steel and DLC, but lower
than the respective pin against PCD. No evidence of transfer film of PS400 to MoB/CoCr

was found, similarly to 4130 steel, and high COF was reported.
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4130 steel disk
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MoB/CoCr disk

Figure 2.8 Optical microscopic images of worn areas of disks (left) and pins (right) at 25,
and 500°C. PS400 pin vs.: (a) 4130 steel; (b) DLC; (c) PCD; (d) MoB/CoCr disks (400
um scale bar). Reprinted with permission from [7].

At 500°C, 4130 steel experienced severe contact, with deep and long cavities
appearing along the wear track (shown with red dashed circles). Also, the width of the

wear track was considerably increased, compared with RT. The pin depicted long parallel

grooves, indicating three-body abrasive wear mechanism. The glazed oxide film failed to
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form, however, the activation of the fluorides in PS400 at HT resulted in a lower COF
[62]. DLC depicted two regions of contact. A black track indicating material transfer from
the counter-surface and the formation of a glazed oxide film. In the other half of the wear
track (marked with arrow), mild polishing of asperities occurred. The worn surface of
PS400 pin featured some grooving areas (shown with arrows), along with black attached
regions (shown with red dashed circles). Surface plowing was induced by the sharp
asperities of the accumulated material on the disk, as shown in Figure 2.8(b). The black
regions are linked to graphite structures which were worn off from the DLC and adhered
to the surface of the pin during rubbing, as will be confirmed with EDS thereafter.

The moderate hardness of PS400 protected the graphitized DLC coating from
penetration. Also, the glazed oxide film provided additional protection and lubrication,
and a low COF was maintained. The uniform transfer film induced on PCD at RT was
also evident at 500°C. The scar of PS400 was slightly increased, and a uniform and smooth
wear scar with some indication of light abrasion can be observed. The inter-film mitigated
the contact between the hard diamond and PS400 and protected the pin from significant
wear. Unlike DLC, PCD can withstand higher temperatures without degradation and
significant deterioration of its mechanical properties [5], thus the hard diamond could have
easily worn off the counter-surface, with direct contact. At HT, the transfer film oxidized
significantly and increased the lubricating performance resulting in COF reduction,
compared with RT. The wear track on MoB/CoCr and wear scar on PS400 were increased,
compared with the corresponding ones at RT, and thus the severity of the contact was

pronounced. Essentially, the continuous wear of PS400 pin hindered the effect of both
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lubricating mechanisms: glazed oxide transfer film formation, and activation of fluorides
[63]. Hence, high friction and wear were observed.
2.3.4. SEM-EDS analysis

The topography of the three coatings, namely DLC, PCD and MoB/CoCr after
sliding firstly at RT and subsequently at 500°C was further examined via SEM, and it is
presented in Figure 2.9. The unworn surfaces after the test are shown in the left column,
and the direction of sliding is shown with white arrows at the low magnification images.
DLC in its as-received condition featured a smooth and uniform surface, whereas after the
test at 500°C the DLC was graphitized, as will be seen with Raman Spectroscopy analysis
thereafter. Graphitized DLC can be easily worn off, especially when sliding against a hard-
mating surface such as a ceramic, as in Ref. [52], where an annealed DLC coating at 600°C
was removed from the surface when slid against alumina. However, as seen in Table 2.2,
the moderate hardness of PS400 can protect the graphitized coating from wearing off.

The transfer oxide film depicted two distinct regions: as agglomerated particles
(indicated with P) and as densely uniform films (indicated with F). The texture remained
smooth, as bulky formations or sharp-edge agglomerations were not present, as shown in
Figure 2.9(a). Elemental examination was carried out on the PS400 pin counter-surface
by EDS and is presented in Figure 2.10(a). Except from the intrinsic elements of PS400,
C and Fe were also detected. C was attributed to graphite traces that were worn off and
transferred from the DLC. Interestingly, the presence of Fe showed that the graphitized
DLC was penetrated at localized points at the uncovered area, where mild polishing took

place. Material from the steel substrate was then plowed and transferred to PS400.
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Nevertheless, the overall performance of the tribo-pair did not deteriorate, and a low COF
was maintained. PCD showed a uniform distribution of diamond grains, from small (<5
um) to medium size (~ 5-10 um) in its as-received condition. The contact area was fully
covered with a glaze oxide transfer film, resulting in a homogenous, dense, and smooth
surface. Moreover, small, propagated cracks along the transfer film were visible, which
are not expected to deteriorate the integrity of the film, as illustrated in Figure 2.9(b).
The transfer film was further examined via EDS analysis (acquired from the blue
square area on high magnification image) and indicated the presence of all the elements
of PS400’s matrix, as well as the lubricious phases, especially BaF2/CaF2, and a high peak
of oxygen, as shown in Figure 2.10(b). It is noted that cobalt served as the bonding agent
of PCD, and thus appeared in the spectrum. The fluorides, which were activated at HT,
and experienced a transition from brittle to ductile behavior, and thus easier shearing [62],
were expected to have a significant contribution in lowering the COF, along with the
formation of metal oxides. The as-received MoB/CoCr showed a uniform surface with
small particle accumulations induced from the spraying process during deposition. The
magnified images illustrated some bulky transferred formations from PS400 that were
patchy and spread within the contact surface. Each bulky formation contained smaller
accumulated particles with sharp edges that can generate high friction and wear of the
counter-surface. Also, during sliding the abrasive formations can harden and expedite the
wear process of the counter-surface. As stated earlier, the continuous wear of PS400 was
devastating for the lubricating mechanisms to be in effect, and thus high values were

observed.
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Figure 2.9 SEM micrographs on coated disks of unworn regions (left column), low
magnification (middle column), and high magnification of worn tracks (right column).
PS400 pin vs.: (a) DLC; (b) PCD; (c) MoB/CoCr. Reprinted with permission from [7].
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Figure 2.10 EDS spectra of (a) black region of PS400 pin when slid against DLC, and (b)
transfer film on PCD disk after sliding against PS400 pin at 500°C. Reprinted with
permission from [7].
2.3.5. Raman Spectroscopy

To investigate the amount of graphitization/functionalization/surface oxidation of
the DLC coating before and after the experiment at 500°C, Raman spectroscopy was
employed. Figure 2.11 shows the Raman spectra of the DLC coating before and after the

HT experiment (unworn area), that can be considered as a short annealing process. The

as-received DLC led a wide spectrum with the typical G band. Obvious peak splitting
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appeared only after exposing the coating at 500°C. The peak intensities centered at ~1330
cm™ and ~ 1540 -1580 cm! represent the D and G bands, respectively, and were divided
to calculate the height-based Ip/lg ratio. This ratio indicates the changes in the structural
integrity of the samples after testing. The as-received sample (before HT experiment)
possessed a low Ip/lg = 0.65, dominated by a diamond-like structure with some portions
of sp? hybridized carbon atoms. However, after the experiment, the intensity ratio
significantly increased to 1.01, due to the initiation of a number of defects or disorders
with the initiation of the breathing mode of sp? carbon atoms. This can be caused by the
functionalization of the sp?-hybridized carbon, which caused a reduction in G mode and a
higher Ip/lg ratio was observed, thereby a significant structural transition from diamond-

like to a graphite-like structure was seen.

Intensity (a.u.)

as-received
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Figure 2.11 Raman spectra of DLC coating, as-received, and after the experiment at
500°C. Reprinted with permission from [7].
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2.4. Summary

In this chapter the tribological performance of four different mating surfaces of
PS400 pins, namely 4130 steel, DLC, PCD, and MoB/CoCr disks were examined through
pin-on-disk experiments at 25, and 500°C under air environment. The mating surfaces
were meant to contribute in enhancing the performance at low temperatures, whereas at
HT PS400 demonstrates good lubrication. The variation of the COF and wear with
temperature of the four tribo-pairs are summarized in Figure 2.12. The topography of the
worn surfaces and the chemical composition of the transfer films were studied, and the
following conclusions could be drawn:

e AtRT, 4130 steel, PCD, and MoB/CoCr exhibited high COF. A uniform transfer
film was only found with PCD, which, however, showed pour lubrication
performance, as the lubricating mechanism of PCD was passivated. DLC
maintained low COF of 0.24 + 0.03, due to its excellent lubricating mechanism.

e At 500°C, 4130 steel experienced a significant decrease in COF due to activation
of the solid lubricant in PS400. During the HT experiment DLC graphitized. The
moderate hardness of PS400 counter-surface protected the coating from being
worn off. The transfer oxide film provided additional protection and lubrication,
and a low COF of 0.4 £ 0.04 was maintained. A uniform transfer oxide glaze film
on PCD was generated, with the metal oxides and fluorides providing excellent
lubrication, and thus low COF. MoB/CoCr depicted similar high friction, as in RT.

The continuous wear of PS400 pin inhibited the lubrication mechanism.
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e The uncoated 4130 steel and MoB/CoCr disks exhibited the highest (moderate)
wear at both RT and 500°C, with an increasing trend with increasing temperature.
DLC demonstrated zero wear at RT and negative wear (material transfer) at 500°C.
PCD was readily covered by a uniform transfer film at both temperatures.

e The best performing tribo-pair, in terms of friction and wear is PS400 vs. DLC,
followed by PS400 vs. PCD, whereas PS400 vs. MoB/CoCr is the worst
performing pair.

e The DLC as a mating surface for PS400 tackled the negatives of PS400 of
exhibiting high friction at low temperature. PS400 vs. DLC demonstrated
favorable tribological behavior at 25 and 500°C, at low sliding speeds, expanding
the applicability of the tribo-pair to space-related applications, for example the

bearings of probes for future missions to Venus.

COF at COF at Wear at Wear at
25°C 500°C 25°C 500°C

PS400 vs.
4130 steel
Moderate PS400 vs.

DLC
PS400 vs.

PCD
PS400 vs.
MoB/CoCr

Figure 2.12 Summary of tribological performance of the four tribo-pairs at 25 and 500°C.
Reprinted with permission from [7].

Excellent Tribopair
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In this chapter different tribological interfaces were tested under generic conditions
(ambient environment) for down selecting the best pair. In the next chapter the selected
tribo-pair was examined under CO- and air atmosphere (at near AP). Also, an intermediate
temperature was added at the experimental protocol and the same samples were used at
each temperature to replicate a continuous operation of the tribological components during

descending towards the VVenusian surface [20].
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3. DYNAMIC TRIBO-PAIR OF PS400 AND DLC FOR PLANET VENUS

APPLICATION'

3.1. Introduction

Venus, which is also called Earth’s twin has been the topic of new explorations to
understand and investigate our planet and the feasibility of the existence of other habitable
planets. Venus is similar to Earth in terms of size, distance from sun, mass, and
composition [18]. However, significant technical challenges exist in Venus exploration.
Compared to Earth conditions, the surface pressure is nearly 92 times higher, and the
environment is primarily 96% CO- gas, and 3.5% N2, and minute amounts of Ar, H2S,
SO», HF, and HCI (with SO being the dominant minor gas) with extremely hot (mean
temperature over the whole surface is 464°C) and dry conditions [17]. The successful
accomplishment of future missions and in-situ investigation of Venus surface in a long
duration operation requires moving mechanical components, for example bearing
materials in the landers, that can withstand such extreme environmental conditions [18].
In addition to the HT, the bearing materials will face lower temperatures while descending
[20], therefore an enhanced tribological behavior at moderate and low temperatures (i.e.,

RT) should be demonstrated.

 Reprinted with permission from “Dynamic tribo-pair of PS400 and DLC for planet Venus application”
by Vasilis Tsigkis, Pixiang Lan, Andreas A. Polycarpou, 2021. Tribology International, 164, 1-11,
Copyright 2023 by Vasilis Tsigki.
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In Chapter 2 we demonstrated that PS400 vs. DLC coating showed the most
promising tribological behavior among other materials, with low COF and wear at RT,
and 500°C under air environment [7]. Therefore, a hypothesis of the working mechanism
of the tribo-pair was drawn: DLC coating provides adequate lubrication at RT while
PS400 coating controls the friction and wear at 500°C. It was not surprising that DLC
generated low friction and wear at RT, even when it was coupled with the HT super-alloy,
namely PS400. In abundant studies [52,53,64,65] a:C-H DLC is exhibiting excellent
tribological performance at RT air atmosphere, due to the successful termination of the
dangling bonds forming during rubbing against the counter-surface [2,52]. However, some
of the mechanical properties (i.e., hardness) of DLC deteriorate at temperatures above
300°C [66], thus sliding under such conditions is challenging. On the other hand, PS400
is specialized for HT applications and low friction and wear are achieved by means of
oxide surface glazes formed and transferred on the counter-surface [6,35,47]. It was
demonstrated that when sliding at HT air, the most significant lubricating mechanism of
PS400 is the generation of oxide layers at the interface, and that the solid lubricants (silver,
calcium/barium fluorides) therein, do not play a key role in lowering friction and wear.

Literature is plenty with tribological studies under CO. environment for high
contact pressure air-conditioning compressor applications [10,32-34]. Also, the effect of
the environment on RT tribology is adequately studied [67,68]. However, HT tribology
(up to 500°C) in CO2 environment is yet to be explored, hence the tribological

performance of tribo-materials under such conditions is not available.
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In this chapter, the effect of the environment and temperature on the tribological
behavior of PS400 vs. DLC coatings, at RT, 300, and 500°C was investigated. Pertaining
to bearing tribo-surfaces for Venusian applications, most of the experiments were
performed under CO; atmosphere at AP. Also, the selected range of testing temperatures
covered a wide spectrum of operating temperatures that the tribological components (e.g.,
on the landers) will encounter during descending onto the VVenusian surface [20].

3.2. Experimental
3.2.1. Materials and sample preparation

An Inconel (INC) 750X plate was purchased from Altemp Alloys, Inc. and
machined into 25.4 x 25.4 x 6.35 mm disk specimens by electrical discharge machining
(EDM). The chemical composition of the precipitation-hardened alloy is detailed in Table
3.1. The disks were mechanically ground to achieve RMS surface roughness of 0.19 +
0.005 pum. The Inc750X disk substrates were coated with DLC (a:C-H) via CVD by
Oerlikon Balzers with 20-40 at% H content. Cr was used as a bonding layer between the
DLC and the Inc750X substrate. The total thickness of the as-received DLC coating was
2 pm and featured a roughness of 0.17 + 0.02 um RMS.

The titanium (Ti) pin substrates were machined from a Ti alloy, namely Ti-6Al-
4V into 6.35 mm diameter, 20 mm length, and were hemispherical tipped with a tip radius
of 6.35 mm. Ti-6Al-4V is extensively utilized in aerospace applications, due to being
lightweight and its excellent mechanical properties up to 600°C. Some of the pins were
coated with PS400 at Adma Products, Inc. via PS. The chemical composition of PS400 is

listed in Table 2.1 of Chapter 2. The thickness of the as-received coating was 250 um
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and reduced to around 200 um after polishing. A sequence of silicon carbide sandpapers,
from 240 to 800 grit size achieved a roughness of 1.3 + 0.05 um RMS on the PS400
coating. The roughness along with some of the mechanical properties of the specimens
under examination are summarized in Table 3.2.

The low ratio of sp?to sp® hybridized bonding of carbon atoms within commercial
a-C:H DLC coatings results in high hardness values ranging from 15 to 25 GPa, as
provided by the vendor. The exact average hardness value was measured via
nanoindentation and was 19.9 GPa. The multi-component Ni-based alloys, namely PS400
and Inc750X featured significantly lower hardness values than DLC, ranging from 2 to
3.7 GPa. Note that the hardness of PS400 was measured via micro Vickers’ indentation to
capture all phases exposed on the surface, therefore calculating a more representative
averaged value. Ti has the lowest hardness value among the materials under examination,

at an average of 1.25 GPa.

Table 3.1 Chemical composition of Inc750X as provided by the manufacturer (units are
in wt.%). Reprinted with permission from [9].

Ni Cr Co Nb + Ta Al
70 16 <1 <1 0.8
Mn Si Fe Ti Cu
0.35 0.35 8 2.5 0.5
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Table 3.2 Mechanical properties of samples. Reprinted with permission from [9].

Material ~ RMS (um)  Hardness (GPa) YO““(gGI;;’;i ulus P"r':i;’: >
DLC 0.17 19.9+3.9" 170™ 0.2"
PS400 1.3 24+0.16"™ 83" 0.28"
Inc750X 0.15 3.1-3.7" 213" 0.29"

Ti 1.8 1.2-1.3* 120* 0.34™

*Measure via nanoindentation, "As provided by the vendor, "“Measured using Vickers’ indentation.

3.2.2. Experimental procedure

The experimental conditions are presented in Table 3.3. Ti pin vs. Inc750X disk
(uncoated substrates) served as a benchmark and the contribution of PS400 and DLC
coatings at each temperature in reducing the friction and wear was investigated. Note that
a PS400 pin was used and slid against Inc750X disk. However high wear was generated
on the pin and the coating was completely removed from the surface by the end of the RT
experiment. For that reason, a PS400-coated disk specimen and an Inc750X pin were used
instead. Also, tribo-testing of PS400 pin vs. DLC disk under air (RH 49%) was performed
to explore the effect of the environment on the tribological behavior at the three selected
temperatures.

To replicate a continuous operation of the bearing materials, the same disk and pin
specimens were used in successive experiments, from RT to 500°C. The initial Hertzian
contact pressure of each tribo-pair for a sphere-on-plane configuration (see Figure 2.1(b))
was calculated using the information from Table 3.2. A constant sliding speed of 0.25 m/s
for 30 min at each temperature stage resulted in a total sliding distance of 1350 m at all
temperatures. For the two selected tribo-pairs (PS400 pin vs. DLC disk and Ti pinvs. DLC

disk) a prolonged sliding time of 1 hour at 500°C resulted in 1800 m total sliding distance.
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Sliding at 500°C for a longer time provided more information on the durability and the
wear resistance of the tribo-pairs subjected under surface Venusian temperature.

For the tribo-experiments under CO2 environment, a medical grade CO2 with
99.5% purity was used. The rest 0.5% contains impurities, such as Oz, CO, N2, and CHa.
A vacuum/flashing protocol was implemented to achieve the minimum presence of air
within the jar, as in Ref. [41]. For the HT experiments, following the vacuum/flashing
procedure, the furnace was heated up to the desired temperature (300, 500°C). After 5
minutes of constant temperature, the pin and disk were brought into contact and the
experiment was initiated by rotation of the disk. During the experiment, the pressure inside
the jar was kept at 0.1 + 0.02 psi higher than ambient air pressure, thus no air could leak
into the jar. After the end of the experiment, the samples were let to cool under CO; with
a continuous flow of 0.14 m3/hr. A minimum of three experiments for each tribo-pair were
carried out to assure repeatability. Before each tribo-experiment, the disk and pin

specimens were ultrasonically cleaned for 10 min in an isopropanol bath at 40°C

Table 3.3 Experimental conditions. Reprinted with permission from [9].

] . .. Total
Tribo-pairs Initial | qiiging | sliding
T Hertzian ;
°C Load ressure speed distance | Env.
Pin Disk (°C) pressu (m’s) (m)
(MPa)
[cycles]
Ti Inc750X 470 1350
Inc)ZSO PS400 550 [24300] co
25-300 2
Ti DLC Ls00 | °N 490 0.25
PS400 | DLC 590 [312840000]
PS400 DLC 470 Air
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3.3. Results and discussion
3.3.1. COF

The in-situ COF and average values at 25, 300, and 500°C under CO- are exhibited
in Figure 3.1. The average COF values for all tribo-pairs were calculated from the last
40% of the data acquired from the in-situ COF and the error bars represent one standard
deviation of the mean values between repeated experiments. At RT, Ti vs. Inc750X
(baseline) and Inc750X vs. PS400 depicted similar evolutions of COF, with values
scattered between 0.4 and 0.6. In fact, Ti vs. Inc750X appeared with high spikes in the
COF. When Ti and PS400 slid against DLC the evolution of friction was more stable after
a run-in period of 3, and 2 min which resulted in 84 and 58% decrease of the average
values (compared to baseline), at 0.08 and 0.21, respectively. At 300°C, Ti vs. Inc750X
and Inc750X vs. PS400 experienced an increasing trend in COF with average values of
0.62, and 0.47, respectively.

Furthermore, the rapid increase in the COF for Ti vs. DLC after 7 min of sliding
time may be associated with the onset of coating removal, as will be seen with
profilometric scans and microscopic images in Section 3.3.2. The COF was reduced and
stabilized after 20 min of experiment. PS400 vs. DLC experienced a smoother evolution
of COF, depicting an increase from 0.10 to 0.27 after 5 min of sliding and remained
constant until the end of the experiment. Despite the average COF values between Ti vs.
DLC and PS400 vs. DLC were similar (0.26 vs. 0.27), the former depicted a noticeable

deviation among repeated experiments, and can be postulated that the onset of DLC
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coating removal from the Inc750X substrate resulted in different contact mechanisms
between the sliding surfaces, therefore different friction values were observed.
Tribo-testing at 500°C of Ti vs. Inc750X and Inc750X vs. PS400 tribo-pairs
resulted in similar average COF values, at 0.53 and 0.5, respectively. However, the latter
experienced high fluctuations in the in-situ COF, due to generation of high amount of
accumulated debris at the bearing interface [41]. The 1-hr sliding of Ti vs. DLC and PS400
vs. DLC followed a monotonic increase, before stabilizing at the last 15 min of
experiment, where a constant region was reached. The stable state coincides with the
complete removal of the DLC coating. The average COF values of Ti vs. DLC and PS400

vs. DLC were 0.38 and 0.45, respectively.
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Figure 3.1 Evolution of COF with time of all tribo-pairs under CO. environment at (a)
25°C, (b) 300°C, (c) 500°C, and (d) corresponding average values with errors bars
designating £ 1 standard deviation. Reprinted with permission from [9].
3.3.2. Wear

Figure 3.2 shows typical wear profilometric scans of both disk and pin specimens
for all tribo-pairs following experiments at each temperature (25, 300, 500°C) in COx.
Rubbing of the uncoated bare surfaces (Ti pin vs. Inc750X disk) resulted in severe wear
at all temperatures on both contacting surfaces, which was mostly induced during RT
sliding, as illustrated in Figure 3.2(a). When PS400 disk slid against Inc750X pin, high
wear on the disk was generated from RT sliding, and was successively increased with
temperature, reaching a maximum wear depth of 60 um. The pin counter-surface
experienced a minute amount of wear at all temperatures, see Figure 3.2(b). “Zero wear”
on the DLC coating after sliding against Ti at RT can be observed, whereas at 300°C a
maximum wear depth of 2 um indicated that the pin reached the substrate, therefore the
coating was penetrated due to wear. However, at 500°C the wear on the Inc750X substrate
increased significantly and appeared with deep grooves with a maximum depth of 30 um.
The corresponding Ti pin specimen exhibited mild wear up to 300°C, whereas at 500°C
severe wear occurred, as Figure 3.2(c) depicts. DLC disk also appeared with “zero wear”
when slid against PS400 pin at RT, whereas at 300°C the wear depth was 0.5um, yet not
deep enough to reach the substrate. After sliding at 500°C, however, the coating was
completely removed from the Inc750X substrate reaching a maximum wear depth of 20
um. The corresponding PS400 pin demonstrated favorable wear resistance at 25, and

300°C, while at 500°C a deep wide groove was observed, see Figure 3.2(d).
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Figure 3.2 Typical wear scans of worn (a) disks and (b) pins following tribo-testing at 25,
300, and 500°C under CO». Reprinted with permission from [9].

Figure 3.3(a-c) summarize the COF and wear rate of the disk specimens following
succesive experiments under CO> at 25, 300, and 500°C, respectively. Figure 3.3(d)
excibits the COF and wear rate values of the two best-performing tribo-pairs under CO-
at each temperature. Ti vs. Inc750X and Inc750X vs. PS400 showed similar tribological
behavior with COF values around 0.5 and wear rate values of 2.8, and 2.7 x10™* mm®3/Nm,
respectively. The tribo-pair Ti vs. Inc750X inevitably experienced poor tribological
performance, since no lubricating mechanisms were in play. Inc750X and PS400 tribo-
pair was extensively study by NASA scientists, targeting HT applications, depicting,
however, poor performance at low temperatures, attributed to the innactivation of the low
temperature solid lubricants of PS400 [47], and the absence of a glaze film at the interface
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[6,35]. The extreme wear resistance of DLC coating at RT against both Ti and PS400
counter-surfaces is demonstrated with zero wear values on the plot, as shown in Figure
3.3(a), attributed to a hardness mismatch of the sliding surfaces, with Ti and PS400 being
too soft to induce any wear on the hard DLC coating (see Table 3.2). In fact, the ultra-low
COF (0.08) when DLC slid against Ti showed that the two surfaces are tribologically
compatible and the bare Ti pin is not intervening in the lubricating mechanisms of DLC.
Despite that when PS400 replaced the Ti pin a low COF was maintained, a higher average
value at 0.21 was observed. Nevetheless, the lubricating mechanisms of DLC at RT were
in effect and the contribution of DLC in decreasing the COF was successful [52,67].

At 300°C, the wear on the Inc750X disk against Ti pin did not change significantly
from RT with a value of 3.26x10* mm?/Nm, whereas the wear rate on PS400 disk when
slid against Inc750X increased by a factor of 4, at 13x10*mm?/Nm. Also, Ti vs. Inc750X
experienced the highest COF at 300°C among all tribo-pairs with a value of 0.62. The
DLC disks at both experiments (against PS400, and Ti) experienced mild wear described
by the removal of superficial layers. In fact, at 300°C, DLC starts undergoing a structural
transition from a diamond-like to a graphite-like structure inducing some degree of
deterioration of its mechanical properties, such as hardness, and the coating is more prone
to wearing off [52]. The wear rates for DLC disks were 14.7x10¢and 5.67x10° mm®/Nm,
with Ti and PS400 pins as the counter-surfaces, respectively. The average COF values of
both tribo-pairs were around 0.25. It can be concluded that at 300°C, DLC was still the
dominant surface by providing good lubrication, especially for PS400 vs. DLC, whereas

the DLC coating was partially removed, and the substrate was reached during sliding
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against the Ti pin. This partial removal resulted in different contact mechanisms in every
repetition, thus the high flactuation in the COF shown in Figure 3.1(b).

The Ti vs. Inc750X tribo-pair experienced the highest COF, and a moderate wear
of 3.4x10* mm?3Nm at 500°C. On the other hand, Inc750X disk vs. PS400 tribo-pair
generated the highest wear on the disk with a value of 22.8x10* mm3/Nm. Furthermore,
a temperature of 500°C is well above the transitional temperature of DLC into graphite
[2,66,69], wherein the complete removal of the coating during sliding is inevitable. The
wear on the DLC disks of both experiments (Ti vs. DLC, PS400 vs. DLC) increased
significantly (compared to RT and 300°C) at values of 4.26x10* and 1.62x10™* mm3/Nm,
respectively. The COF values also increased by 46 and 66% compared to 300°C,
respectively.

Figure 3.3(d) shows that both tribo-pairs, namely PS400 vs. DLC, Ti vs. DLC had
similar tribological responses, at 25, and 300°C, with the former showing an “unreliable”
tribological character with high flactuations of COF at 300°C. At 500°C, and when DLC
disk slid against the bare Ti pin, the wear rate of the former was more than three times
greater than when DLC slid against PS400. Besides, surface oxides were found at the
interface and contributed in maintaining a milder contact with adequate lubrication, as will
be illustrated with Raman Spectroscopy in Section 3.3.4. Also, the solid lubricants of
PS400 were activated, in which silver has a low shear strength beyond 400°C [61], and
the fluorides are experiencing a transition from a brittle-like behavior to a ductile behavior

at around 400 to 500°C [62].

55



() 25°C ®) 300°C

1.0 1.0
<4 Tivs. Inc750X « Tivs. Inc750X
® Inc750X vs. PS400 ® Inc750X vs. PS400
Tivs. DLC Tivs. DLC
081 4 PS4SOO vs. DLC 1 0.81 Pls‘fnn vs. DLC
0.6 - - 0.6 +
& —— o]
© o ——
0.4 E 0.4
r
0.2 L] 0.2
0.0 T T T r 0.0 r o/ f—— r
0 1 2 3 4 0 2 12 14 16
Wear rate (mm3/Nm)  x10-4 Wear rate (nm3/Nm)  x10-4
C 500°
© 1.0 po°c @ 1.0
4 Tivs. Inc750X " —_—25°C
® Inc750X vs. PS400 : :Is :zoDvI;CDLc — s00C
0841 ;Is:zonvlfmc A 0.8+ ——500°C
0.6 4 : 0.6
L —— [T
8., S : .
0.4 1 0.4 +
0.2 1 0.2 4
>
0.0 T —7F T T 0.0 T T r
0 2 4 22 24 26 0 2 4 6
Wear rate (mm3/Nm)  x10-4 Wear rate (mm3/Nm)  x10-4

Figure 3.3 COF versus wear after tribo-testing in CO; at (a) 25, (b) 300, (c) 500°C, and
(d) COF vs. wear of Ti vs. DLC, and PS400 vs. DLC at all temperatures under CO..
Reprinted with permission from [9].
3.3.3. Optical microscopy

Figure 3.4(a-d) depict the microscopic images of the worn disks and pins
following each successive experiment at 25, 300, and 500°C under CO.. Note that the
length and the diameter of the wear tracks and scars gives an indication of the wear on the
disks and pins, respectively. Sliding Ti against Inc750X (Figure 3.4(a)) resulted in high
wear at all three temperatures, with most of the wear being generated at RT. Inc750X vs.
PS400 generated high wear on both surfaces, especially at RT, which was successively
increased with increasing the temperature (Figure 3.4(b)). Typically, a lubricious

transferred oxide layer is formed at the interface when sliding Inc750X vs. PS400 at HT
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air, which reduces friction and wear significantly [6,47]. Herein, such a layer was not
generated under CO, environment as it restricted surface oxidation, as will be seen by the
elemental surface analysis via EDS in Section 3.3.7.

The DLC disk experienced excellent wear resistance when slid against Ti at RT
(Figure 3.4(c)). However, after 300°C sliding, patches of the DLC coating were removed
from the surface (shown with red circles). The rapid increase of the in-situ COF at 300°C
can be attributed to the onset of DLC coating removal until steady state was reached.
Nevertheless, the wear on the pin was low up to 300°C. After 500°C sliding, the DLC
coating was completely removed, and a metal-on-metal harsh contact led to a severe
abrasive wear mechanism on both sliding surfaces. Following tribo-experiments of PS400
vs. DLC, the DLC disk depicted excellent wear resistance at RT with mild asperity
burnishing (Figure 3.4(d)). Also, the small diameter of the wear scars on the
corresponding pins illustrates a well-lubricated contact. At 300°C, a clear wear track can
be observed, yet not deep enough to reach the substrate, as illustrated with a maximum
wear depth of around 0.5 pm in Figure 3.2(a). At the temperature of 500°C, accompanied
with a sliding contact allowed the PS400 pin to penetrate through the graphitized DLC
coating. Also, abrasive wear on the pin can be observed, demonstrated with numerous
parallel furrows. As it will be seen with Raman spectra of DLC coating in Figure 3.5(a),
the amount of graphitization (therefore softening) was significantly higher when exposing

the DLC coating at 500°C, compared to 300°C.
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Figure 3.4 Optical microscopic images of worn disks and curved pins after the tribo-
experiments in CO2 (500 um scale bar). Reprinted with permission from [9].
3.3.4. Raman Spectroscopy

Raman spectroscopy was employed to investigate the amount of graphitization and
structural distortion of the DLC coating when exposed at 300 and 500°C under CO> during
tribo-testing, and it is presented in Figure 3.5(a). The worn area was also investigated to
obtain information on the chemical composition of the interface (Figure 3.5(b)). The “as
received” DLC specimen served as the benchmark. The amount of graphitization of DLC
coatings can be qualitatively expressed with the Ip to I intensity ratio, and the value is

low when the DLC specimen follows a diamond-like structural behavior [64].
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The ratio was measured by dividing the intensities centered at Ip and I bands, as
in Section 2.3.5. The as-received DLC coating appeared with a wide spectrum, with the
typical G band centered at 1540 cm™ corresponding to the majority of stable sp® clusters,
with a low Ip/lg of 0.65. After exposing the sample to 300°C, the intensity ratio did not
change significantly, with a ratio of 0.66. It was only after exposing the sample to 500°C
that a clear “shouldered” peak centered at 1330 cm™ (Ip band) was evident, and the
intensity  ratio  was  significantly  increased to  1.15,  demonstrating
functionalization/graphitization of the DLC coating. At such structural conditions, the
coating can be easily worn off during sliding contact [52], however, at 300°C the amount
of distortion of the DLC coating was such that no significant structural transition took
place, as can be seen in Figure 3.5(a).

The spectrum of the worn area at 300°C appeared with a weak Ip and a dominant
Ic peak, as shown in Figure 3.5(b). In fact, Ipo/lc was calculated at 0.7, compared to 0.66
that was found outside the wear track. It is plausible that the frictional heat generated
higher contact temperature which promoted some distortion and graphitic contributions
on the DLC coating. Nevertheless, the DLC coating was not penetrated, confirming the
assumptions on the structural integrity stated above. Finally, after 500°C tribo-testing, the
Inc750X substrate was reached, and new peaks appeared on the spectrum, while the Ip
and I bands were very weak. The peaks centered at around 580, and 850 cm™ correspond
to different metal oxides, which were transferred from the PS400 counter-surface onto the
Inc750X substrate. Specifically, the peaks were identified as Cr.0O3 and Ag2MoOs and

played a key role in enhancing the wear performance at 500°C in CO; [48,70,71]. The
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main contribution in maintaining the friction and wear low at 500°C was the sliding of
two HT alloys, namely PS400 and Inc750X and the generation of metal oxides at the

interface.

(a) (b)

—— As-received |
——300°C N ©

—500°C

Intensity (a.u)
Intensity (a.u.)

400 800 1200 1600 2000 400 800 1200 1600 2000

Raman shift (cm™1) Raman shift (cm-1)

Figure 3.5 Raman spectra of DLC coating/Inc750X substrate of (a) unworn and (b) worn
areas following tribo-testing in CO.. Reprinted with permission from [9].
3.3.5. Effect of the environment

PS400 vs. DLC tribo-pair showed the best and most stable tribological behavior,
especially at 300, and 500°C. To that end, experiments under air were also carried out to
capture the effect of the environment on friction and wear. Figure 3.6(a-c) present the in-
situ COF at 25, 300, and 500°C, in both environments, respectively. The corresponding
average values are plotted versus the wear rate in Figure 3.6(d). The COF results in CO-
are reproduced from Figure 3.1 and are presented in Figure 3.6 for direct comparison. At
25°C (RT), the evolution of the COF in CO: and air was similar, following a slight

increasing trend with sliding distance. The experiment under CO> resulted in a sudden
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drop of the COF after the first few minutes of the experiment (running-in) before
stabilizing. The average COF value in air was 67% higher than the experiment in COy,

with a value of 0.35.

25°C 300°C
@ 1.0 . . () 1.0
0.8 . 0.8
L 0.6 o 0.6 \
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Figure 3.6 In-situ COF under CO: and air environments for PS400 vs. DLC tribo-pair at
(@) 25°C, (b) 300°C, (c) 500°C, and (d) corresponding average values. Reprinted with
permission from [9].
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At 300°C, the effect of the environment was more pronounced, with the COF
possessing an average value of 0.79 in air, in contrast to the experiment in CO2that yielded
an average value of 0.27. In fact, a sharp increase in the COF after 5 min of experiment in
air can be observed. It can be postulated that at higher temperatures (i.e., 300°C), the
surrounding atmosphere is more prone to react with the sliding surfaces, form bonds, and
alter the frictional behavior. The experiments at 500°C under both environments resulted
in steady-state average COF values, of 0.36 (air) and 0.45 (CO2). Figure 3.6(d)
summarizes the average COF and wear rate values in a cumulative COF vs. wear plot.
The most remarkable observations are the high friction at 300°C under air and the high

wear at 500°C under COs.

Figure 3.7 shows the microscopic images of PS400 vs. DLC tribo-pair, along with
profilometric scans following successive experiments from RT to 500°C in air. The same
wear pattern as the experiments in CO> was also observed under ambient atmosphere up
to 300°C, that is “zero wear” at RT and low wear with a maximum wear depth <1 pm at
300°C (no penetration of the coating). Interestingly, at 500°C, an oxide transfer film was
found on the DLC disk that “filled” the wear track, which was previously induced at 300°C
(see Figure 3.7(c)) and terminated further wear and provided low friction. Also, mild wear
on the pin can be seen, which was mainly generated at RT and remained constant up to
the 500°C experiment. Notably, the tribo-pair subjected to tribological testing under CO>
atmosphere at 300°C demonstrated significantly lower COF than that under air. Therefore,
the chemical structure of the sliding interface must play a key role in driving the frictional

performance at both environments. XPS analysis on the worn tracks of both DLC coatings
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following tribological experiments under CO2 and air at 300°C was performed, and the

results are presented in the following section.
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Figure 3.7 Optical microscopic images after tribo-experiments at each successive
temperature in air of the worn (a) disk and (b) pin (500 um scale bar). Corresponding
profilometric scans of (c) disk and (d) pin. Reprinted with permission from [9].

3.3.6. XPS analysis

The elemental analysis (Table 3.4) of the wear tracks shows that the DLC sample
subjected to COz tribo-testing had a higher percentage of O, F, and Ca than the one under
air. The high-resolution C 1s spectra of the DLC samples tested in air and CO:
atmospheres are respectively shown in Figure 3.8(a, ). The C1s spectra in both cases are
fit deconvoluted into three peaks at 284.8, 286.5, and 288.5 eV, which correspond to C-
C, C-0O, and C=0/0=C-OH bonds, respectively. The lower friction coefficient in the
presence of CO- is partially attributed to higher percentage of chemisorbed oxygen-
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containing functional groups, which reacted and passivated the dangling bonds formed on
the hydrogenated DLC surface during sliding [67,72].

Moreover, the PS400 includes 5 wt% CaF2 and BaF> solid lubricants in its composition.
The XPS results confirmed the presence of elemental Ca and F in the wear track.
Interestingly, the percentage was higher for the samples tested in CO2 atmosphere.
Therefore, the lower COF in the presence of CO2 can also be attributed to the higher
percentage of CaF- solid lubricant at the interface. In addition, Figure 3.8(b, c, f, g) show
that the transferred CaF. from PS400 disks maintained its chemical structure/composition
and did not debone during experiments under both atmospheres. The O 1s spectra of the
DLC samples tested in air and CO, atmospheres are respectively shown in Figure 3.8(d,
h). In accord with C 1s spectra, the O 1s spectra includes two main bonds, which are

associated to C-O and C=0 terminal groups.

Table 3.4 Atomic percentage (at%) of worn areas of DLC disks following tribo-testing at
300°C. Reprinted with permission from [9].

Elements C O F Ca
Worn area of DLC under CO; at 300°C 76.2 19.85 1.33 2.62
Worn area of DLC under air at 300°C 81.87 15.65 0.75 1.73
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Figure 3.8 XPS spectrums on worn areas of DLC specimens following 300°C tribo-
experiments under air ((a)-(d)) and CO2 ((e)-(h)). Reprinted with permission from [9].
3.3.7. SEM/EDS analysis

Figure 3.9 depicts the SEM micrographs of the unworn and worn areas of DLC-
coated disks after successive experiments from RT to 500°C of PS400 vs. DLC tribo-pair
in CO2 and air environments. The red dashed squares indicate the area from which the
EDS spectra were acquired. Note that the 20 kV electron beam penetrates through the few
microns layer (i.e., unworn DLC coating, ~2 pum thick), therefore the elements of the
underlayer/substrate are also detected. Herein, EDS was used as a complementary
analytical technique to Raman Spectroscopy. Table 3.5 lists the composition of the
elements found on the six designated areas. Area 1 is predominantly composed of
graphitized DLC, therefore the high amount of C, with a minute presence of O illustrating
that surface oxidation on the exposed unworn area was significantly retarded under CO»

environment. On the other hand, the exposed DLC coating in air (area 4), demonstrated
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significantly higher amount of surface oxidation, as was also seen from the yellow color

of the microscopic images of Figure 3.7(a).

Unworn Worn area

(a) CO,

Figure 3.9 SEM micrographs on the unworn and worn areas of DLC specimens after the
end of successive tribo-experiments from 25 to 500°C in (a) CO2, and (b) air. Reprinted
with permission from [9].

Table 3.5 Atomic percentage (at%) of DLC disks following tribo-testing at 500°C.
Reprinted with permission from [9].

El(zr;;)r)lts C O Al | Ti | Ca| Cr | Fe | Ni | Mo | Ag | Ba
1 1904 | 1.1 - 1003 - 82 1004 0.2 - - -
COz2| 2 |228|395]| 0.7 - 06 | 52 | 06 | 27 | 23 | 0.8 | 0.6
3 18 | 256 | 08 | 15 - |106] 36 |[396 | - 0.3 -
4 33 | 276 0.2 | 0.2 - 37 | 0.3 | 1.8 - - -
Air | 5 95 476 | 05 | 0.2 - |301] 01 114| 04 | 0.3 -
6 [289] 28 | 0.2 | 0.2 - | 378| 04 | 45 - 0.1 -

As demonstrated in Figure 3.4, the DLC coating was penetrated and the Inc750X

substrate was reached after sliding at 500°C in CO2 environment. The worn area is
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characterized by adhesive wear, along with accumulated debris, wherein small traces of
the PS400 solid lubricants were found (area 2). Apparently, the low and HT solid
lubricants, namely silver and barium/cadmium fluorides were activated and transferred
onto the counter-surface. Hence, it is plausible that the softer phases smeared during HT
sliding and accumulations of solid lubricant were adhered onto the disk surface, thus
lubricating the interface and contributed in maintaining low friction and wear [36]. More
importantly, and as seen in Figure 3.5, different kinds of oxides were detected on the worn
surface of Inc750X substrate via Raman Spectroscopy and provided wear resistance.
Furthermore, a considerable amount of C was found in areas 2 and 3, capturing traces of
the coating, in accordance with the Raman spectrum of Figure 3.5(b). Comparing the
frictional and wear results between PS400 vs. DLC and Ti vs. DLC of Figure 3.3, it can
be postulated that PS400 is mainly contributing in enhancing the wear performance,
whereas the frictional behavior does not change significantly with the presence of PS400
as a counter-surface.

The worn region of DLC-coated specimen following tribo-testing in air at 500°C
appeared with a Cr-rich glaze oxide transfer film. Dark and light patterns can be observed,
that represent peaks (transfer oxide layer) and valleys (graphitized DLC underlayer). In
fact, area 5 demonstrated a significantly higher amount of O compared to area 6, which
was not in contact with the counter-surface, and therefore similar chemical composition
with area 4 was observed. Also, the detection of C on graphitized DLC underlayer (area
6) was more pronounced, compared to area 5. Minute presence of Ag is also observed,

which supports the activation of the solid lubricants. The main lubricating mechanism in
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HT air was the formation of Cr-rich oxide glazes at the interface during sliding, which
enhanced the frictional and wear performance of the PS400 vs. DLC tribo-pair, as in Refs.
[6,7,35,47]. The main findings and the tribo-mechanisms at each temperature and

environment are schematically summarized in Figure 3.10.

DLC DLC Cr,0, Ag,MoO,
OH ©O OH 0 OH OH
N\ AN AL, | \
C U C L= C L= L
Co,
Inc750X Inc750X Inc750X
DLC DLC Transfer glaze oxide layer
0 OH
AN NS L 2
"B "I VI ¥ Lo A= o
Inc750X Inc750X Inc750X
25°C 300°C 500°C

_b

Figure 3.10 Schematic representation of disk tribo-surface at 25, 300, and 500°C under
CO- and air environments. Reprinted with permission from [9].

3.4. Summary

In this chapter a parametric study was carried out to investigate the effect of each
coating (PS400, DLC) at 25, 300, and 500°C under Venusian CO, atmosphere and air.
The following conclusions could be drawn:

e At 25, and 300°C tribo-testing DLC is the dominant surface and provides excellent
lubrication with low friction and high wear resistance. The DLC coating

experienced a moderate amount of graphitization at 300°C.
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e At 500°C, the graphitized DLC coating was removed from the substrate.
Transferred metal oxide layers (Cr.03, Ag2Mo0Oa) were found on the worn area
of Inc750X and offered enhanced wear resistance. The solid lubricants of PS400,
namely silver and fluorides were also detected onto the Inc750X substrate and
provided further lubrication.

e PS400 vs. DLC is a dynamic tribo-pair which depicted enhanced tribological
performance at low, moderate, and HTs under Venusian-simulated environment.
Testing at higher environmental pressures would be of paramount importance

before launching the tribo-materials in future missions to Venus.

From Chapter 2 and 3 it was apparent that the environment plays a significant role in the
tribo-chemical and therefore tribological response of the friction surfaces. In the next
chapter the effect of environmental pressure was investigated, targeting the pressure found
on the surface of Venus. Additionally, two new coatings were added and tested against

PS400.
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4. TRIBOLOGICAL INVESTIGATION OF ADVANCED COATINGS SUBJECTED

TO VENUSIAN ENVIRONMENT OF 2.4 MPA CO, PRESSURE AND 464°C*

4.1. Introduction

Venus has been the topic of new explorations to investigate why the planet took
such a different evolutionary path from the Earth, as it is believed that the atmosphere of
both planets once had the same water and CO> levels [17]. Venus is also similar to Earth
in terms of size, distance from the sun, and mass; however, the extreme conditions on the
surface make it inhabitable [18]. The extreme surface temperature, with mean temperature
of 464°C), dense atmosphere (92 times of that on Earth), accompanied by the presence of
sulfuric clouds add more challenges to the mechanical equipment for exploitation of the
surface and the atmosphere of Venus [17]. For example, moving tribological components
in the entry probes, landers, sampling drills and balloons will encounter harsh
environments and their continuous operation is vital to ensure successful accomplishment
of long-duration missions to Venus. Herein, the surface of INC 718, a HT alloy was
modified by the application of a NASA-developed coating, namely PS400, and coupled
with advanced hard coatings to form a coating-on-coating contact configuration able to
enhance the lubricating performance at the interface. In addition to DLC that was

previously tested by the author [7,9], new HT coatings, namely titanium-doped

i Reprinted with permission from “Tribological investigation of advanced coatings subjected to Venusian
environment of 2.4 MPa CO, pressure and 464°C” by Vasilis Tsigkis, Kian Bashandeh, Pixiang Lan,
Andreas A. Polycarpou, 2022. Surface and Coatings Technology, 441, 1-10, Copyright 2023 by Vasilis
Tsigki.
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molybdenum disulfide (referred as TiMoS; hereafter), and Nedox PF-F™ (referred as
Nedox hereafter) were introduced and their tribological response was investigated when
sliding against PS400 under HPHT CO2 Venusian atmosphere.

In Chapter 2 and 3 the tribological performance of hard coatings with the prospect
of maintaining low friction and wear at both RT and HT was investigated. Among the
coatings tested against PS400, DLC yielded the most promising tribological behavior and
thus, was flagged for further investigations [7]. In a subsequent study, a PS400 vs. DLC
tribo-pair was subjected in a CO2 Venusian-simulated environment as the dominant gas
composition (96.5%), seeking to replicate the conditions on the surface. It was
demonstrated that the testing environment controls the tribo-chemical interactions and the
lubrication mechanisms at PS400/DLC interface, particularly at HT sliding [51].
Nevertheless, PS400 vs. DLC showed a dynamic tribological character where each coating
controlled the friction and wear at different temperatures.

MoS: is being used as a solid lubricant due to its hexagonal basal crystalline
chemical structure that provides easy shear between layers [73]. Several studies have been
focused on the tribological performance of TiMoS> coatings under different atmospheres
and temperatures [74-76], Ti-content [77], mating surfaces [78], and excellent lubricating
properties are reported. Sun et al. studied the effect of temperature on TiMoS,,
demonstrating that above 400°C the coating started to wear off from the substrate when
tested under dry N2 environment [79].

Nedox SF-2™ and Nedox FM-5™ which are electroless Ni-plated fluorine-impregnated

coatings, were tribologically evaluated as sleeves and washers for wear reduction in valves
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and bearings applications, respectively [80,81]. HT Venusian environment requires
polymer-free coatings that can withstand sliding at elevated temperatures, and therefore
Nedox PF-F™ was selected among the Nedox™ family. In this chapter, the tribological
behavior of metal-on-metal, metal-on-coating, and coating-on-coating contacts subjected
to Venusian-simulated HPHT CO> environment utilizing the above-mentioned materials
was systematically investigated.
4.2. Characterization
4.2.1. Materials and sample preparation

The disk and pin substrates were machined out of an INC 718 rod
(Onlinemetals.com). The pin specimens were coated with PS400 and the disk specimens
with Nedox, TiMoSz, and DLC. PS400 was applied onto INC 718 pins by PS at ADMA
Products Inc., Hudson, Ohio, USA, with an initial thickness of 250 um. Nedox coating
was applied onto INC 718 disk substrates by electroless nickel plating followed by an
oven bake at 340°C for 2 hours, at General Magnaplate, Arlington, Texas, USA, with a
thickness of ~ 17 um. TiMoS> was coated onto INC 718 disk substrates at IBC Coatings
Technologies, Lebanon, Indiana, USA, by simultaneous magnetron sputtering PVD of Ti
and MoS: until the thickness of the coating reached 2 um. A thin pure Ti interlayer was
first sputtered to enhance the adhesion between the substrate and TiMoS; coating. The
resulting coating was doped with ~ 10 at% Ti. The DLC (a:C-H) coating was deposited
by CVD with a thickness of 2 um, and hydrogen content of 20-40 at% at Oerlicon Balzers,

Liechtenstein.
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The chemical composition of INC 718 is listed in Table 4.1, and the chemical
composition of PS400 is listed in Table 2.1 of Chapter 2. INC 718 is a Ni-based
multicomponent alloy and is being used for HT applications such as mechanical
components of fluid-fueled rockets. PS400 is also a Ni-based alloy developed by NASA
intended for HT tribological applications, reinforced by its unique composition of
hardener and lubrication phases. Nedox is a polymer-free Ni-P alloy with high operating
temperature up to 650°C, while maintaining low friction and wear. TiMoS2 comprises of
MoS; as the main lubricating phase, and it is doped with Ti to improve hardness and
thermal stability. DLC is a carbon-based material structured in a diamond-like

configuration that gives the coating extreme hardness and lubricating properties.

The RMS surface roughness and hardness values of the samples are listed in Table
4.2. The INC 718 substrate passed through mechanical grinding to remove machining
marks and the RMS roughness was measured to be 0.55 + 0.08 um. The PS400 coating in
its as-received form is very rough, therefore it was ground using a carbide wheel until ~
50 um of material was removed (~200 um final thickness), and the RMS roughness was
reduced to 0.4 £ 0.1 um. Nedox, TiMoSz, and DLC coatings were not subjected to post-
polishing and hence, the specimens were tested in their as-received form, with RMS
roughness values of 1.44 + 0.19, 0.26 + 0.06, and 0.26 + 0.004 pm, respectively. The
hardness values of INC 718 and Nedox were provided from the vendors and the
corresponding values of PS400, TiMoSz, and DLC were measured with Vickers’ and
nanoindentation, as shown in Table 4.2. DLC has the highest hardness corresponding to

a majority of sp® bonds and a diamond-like structure of the commercialized coating.
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Nedox and TiMoS; coatings have similar high hardness values around 8.5 and 6.1 GPa,
respectively. PS400 has the lowest hardness value, and it was measured at 2 £ 0.2 GPa, in

agreement with Ref. [47].

Table 4.1 Chemical composition of INC 718, provided by the manufacturer (units are in
wt.%). Reprinted with permission from [11].

INC 718
Ni Co Cr Fe Mo Al C Ta
50-55 1 17-21 Balance | 2.8-3.3 | 0.2-0.8 0.08 0.05
Cu B Ti Nb P Mn Si S
0.3 0.006 | 0.65-1.15 | 4.75-5.5 | 0.015 0.35 035 | 0.015

Table 4.2 Surface roughness and hardness values. Reprinted with permission from [11].

Sample INC 718 PS400 Nedox TiMoS> DLC
Roughness 0.26 +
RMS (um) 0.55+0.08 04+01 |144+£0.19 0.06 0.26 £ 0.004
Hardness x - x 6.1+ .
(GPa) 3.3 2+0.2 8.5 0.5 19.9+3.9

“Provided by the vendor; “Measured using Vickers’ indentation, ““Measured via nanoindentation.

4.2.2. Experimental procedure

Five different tribo-pairs were selected for evaluation under 2.4 MPa CO:
atmosphere, nominal contact pressure of 3.5 MPa (resulting from 89 N applied load and
total nominal contact area of 25.7 mm?), sliding speed of 0.2 m/s, and sliding duration of
30 min resulting in 6000 cycles. The tribo-pair INC 718 vs. INC 718 served as the

benchmark to gauge the effect of each of the tested coatings. Medical grade CO2 with
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99.5% purity was used to replicate the Venusian CO; atmosphere. A flashing/venting
procedure was followed to achieve the minimum presence of air within the chamber.
Specifically, the chamber was flashed six times by pressurizing the chamber up to 1.4
MPa, with the relief valve closed, followed by intervening venting. At the last flashing
step, the valve remained closed and the chamber was pressurized to 2.41 MPa. Next, the
heating stage was heated to the target temperature (464°C), and after five min of constant
temperature, the pin and disk testing specimens were brought into contact and the
experiment was initiated by rotation of the 3-pin sample against the disk (Figure 4.1).
After the end of the experiment, the samples were let to cool to RT under CO; at 2.41
MPa. A minimum of three experiments for each coated tribo-pair were carried out to
assure repeatability. Before each experiment, the samples were ultrasonically cleaned for
10 min in an acetone bath at 40°C, rinsed with isopropanol alcohol, and forced dried with

hot air.

(b)

3-pin contact (25.7 mm?)

Figure 4.1 Experimental set up: (a) photograph of pin and disk, and (b) contact
configuration. Modified with permission from [11].

75



4.3. Results and discussion
4.3.1. COF

Figure 4.2 presents in-situ and average COF of the five different tribo-pairs under
the conditions described above. The pair INC 718 vs. INC 718 demonstrated high friction
from the initial stages of the experiment with values ranging between 0.5 and 0.6, and
remained constant for the duration of the experiment, as shown in Figure 4.2(a). Metal-
on-metal harsh contact in the absence of a mitigating coating led to high friction. When
PS400 coating was deposited on the pin and tested against an INC 718 disk (Figure
4.2(b)), the COF was reduced to 0.35 with a rapid jump after 180 m of sliding distance.
Following the transient zone, the COF remained constant at a value of 0.5, similar to the
INC 718 vs. INC718 tribo-pair. The rapid jump of the COF might be attributed to the
“runout” of the solid lubricant from the interface, due to the complete removal of PS400
coating, manifested with the high wear rate, as shown in Figure 4.2(b). PS400 vs. Nedox
appeared with a low running-in COF, with values ranging between 0.3 and 0.4, followed
by a rapid increase at 60 m of sliding, and then remained stable around 0.7 (see Figure
4.2(c)). The pair PS400 vs. TiMoS: revealed a weak peak in the in-situ COF, with a value
of 0.4 at 30 m of sliding distance, and then remained at lower values until the end of the
test, as shown in Figure 4.2(d). PS400 sliding against DLC (Figure 4.2(e)) showed a
somewhat erratic nature with low values around 0.3. The hardness, and subsequently the
wear resistance of DLC start deteriorating at temperatures above 300°C due to
graphitization, therefore sliding under such conditions is critical for the integrity of the

coating [82]. However, when the coating remains at the interface, it can maintain low
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friction and lubrication. Following “running-in,” the values were around 0.3 with a sudden
drop at 240 m of sliding distance. At the last cycles of the experiments, the COF was
around 0.25.

Figure 4.2(f) summarizes the average COF and + 1 standard deviation. The sliding
of PS400 vs. Nedox resulted in the highest average COF, followed by the uncoated INC
718 vs. INC 718 tribo-pair. As both PS400 and Nedox are tribologically similar materials
(Ni-based), it is plausible that strong adhesive frictional forces between the rubbing
surfaces resulted in high friction. Comparing the average COF between INC 718 vs. INC
718 and PS400 vs. INC 718, a 25% reduction can be observed. The reduction in COF is
attributed to the beneficial effect of the lubricating phases of PS400, evident from the EDS
analysis shown in Table 4.3 thereafter. The tribo-pairs PS400 vs. TiMoS2 and PS400 vs.
DLC yielded the lowest average COF values, at 0.35 and 0.32, respectively. However, the
high standard deviation of PS400 vs. DLC due to the behavior of graphitized DLC coating

overshadows the respective average value of PS400 vs. TiMoS:.
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Figure 4.2 Evolution of COF with sliding distance under CO> environment and 464°C for
(@) INC 718 vs. INC 718, (b) PS400 vs. INC 718, (c) PS400 vs. Nedox, (d) PS400 vs.
TiMoS, and (e) PS400 vs. DLC, and (f) respective average COF values. Reprinted with
permission from [11].
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4.3.2. Wear

Figure 4.3 shows wear profilometric scans of the disk specimens, following
tribological experiments. The 3D scans with 8 mm x 4 mm area captured both the unworn
and worn regions, and the vertical distance of the uncoated disks spans from -70 um to 40
um (Figure 4.3(a, b)), and -10 um to 10 um range that represents the vertical distance of
the scans on the coated disks (Figure 4.3(c-e)). The 2D line scans were performed
perpendicular to the wear tracks and the wear depths are further illustrated, as shown on
the right-hand side of Figure 4.3. The uncoated INC 718 disk experienced severe wear
when slid against the uncoated INC 718 pin and induced deep scratches (~ 60 um) on the
surface. Rubbing of two metallic surfaces without internal or external lubrication results
in harsh contact whereby adhesive wear tends to produce wear debris that can be trapped
at the interface and subsequently plow the counter-surface and induce abrasive marks and
deep scratches. When the PS400-coated pin was tested against an uncoated INC 718 disk
it resulted in a lower degree of abrasive wear on the disk surface, and the wear depth was

maintained at 20 pm.
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Figure 4.3 3D wear representation (8mm x 4mm area) and corresponding 2D scans of
disk specimens of (a) INC 718 vs. INC 718, (b) PS400 vs. INC 718, (c) PS400 vs. Nedox,
(d) PS400 vs. TiMoS,, and (e) PS400 vs. DLC tribo-pairs. Arrows show the direction of
the 2D scan. Reprinted with permission from [11].
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Coating-on-coating contact configuration further increased the wear resistance of
the contacting surfaces and the wear depth remained shallow. The worn surface of Nedox
appeared with two distinct plows, rather than a uniform wear depth, indicating that during
sliding against PS400 the pin deformed in an ambiguous manner, which resulted in a non-
uniform contact between the surfaces. Although the resulting pressure was higher, it was
not sufficient to plow the coating all the way through to the substrate, and the wear depth
remained at ~ 2 um (see inset of Figure 4.3(c)). It is noted that the thickness of Nedox
coating is about 17 um. In contrast, the few micrometers thick TiMoS: coating was
penetrated through to the substrate at some areas, as can be observed from the 2 um
maximum wear depth. Thus, Nedox appeared to have higher resistance to wear compared
to TiMoS;, despite their similar maximum hardness values of 8.5 and 7 GPa, respectively.
However, the thermal stability of Nedox is higher than that of TiMoS2 (650 vs. 500°C),
and since the testing temperature of 464°C approached the stability limit of TiMoSa, the
mechanical properties of the coating deteriorated, and the wear process was expedited as
described in Ref. [79]. Sliding of PS400 vs. DLC induced light polishing and removal of
superficial layers, with the maximum penetration depth remaining less than 1 pm, so that
the coating was not penetrated (2 um thick). It was previously demonstrated that DLC
undergoes a significant structural transition at 500°C, from a diamond-like to a graphite-
like structure that is more prone to wear [9]. The penetration was limited to shallow depths
and the graphitized DLC coating remained at the interface until the end of the experiment,

however it can be assumed that prolonged testing would eventually wear off the coating.
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Figure 4.4(a-c) illustrates the wear performance of the five tribo-pairs and the
tribological performance is summarized in Figure 4.4(d) in a COF vs. wear plot. High
wear was observed on both INC 718 disks when slid against INC 718 and PS400 pin
specimens, with similar wear rate values at 6.5x10° mm?/Nm, as seen in Figure 4.3(a).
In contrast, the three disk surfaces coated with Nedox, TiMoS, and DLC demonstrated
enhanced wear resistance, with wear rate values significantly lower than those of the
uncoated INC 718 disk specimens. The lowest wear rate was obtained for the DLC disk
at 3x10°° mm3/Nm. Sliding of a PS400 pin against an INC 718 disk was detrimental for
the pin surface as the coating was penetrated down to the substrate (Figure 4.4(b)). In
fact, the PS400 pin experienced the highest wear rate (4.34x10*mm?3/Nm) among the pin
materials. The wear of the INC 718 pin when rubbed against INC 718 was low, as most
of the wear was induced on the disk mating surface. The lowest wear rate was seen on
PS400 pin when slid against TiMoS; (0.05x10* mm?3/Nm), followed by PS400 pin sliding

against Nedox and DLC.
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Figure 4.4 Wear performance of (a) disks, (b) pins, (c) combined 3D representation, and
(d) summary of the tribological performance of the coated tribo-pairs in a wear vs. COF
plot. Reprinted with permission from [11].

Overall, PS400 vs. INC 718 produced the highest total wear (sum of disk and pin
wear) on the contacting surfaces, followed by INC 718 vs. INC 718, as illustrated in
Figure 4.4(c). Sliding of coating-on-coating resulted in a significantly lower total wear on
the rubbing surfaces compared to metal-on-metal, or metal-on-coating. In summary, the

best tribological performance among the tribo-pairs was demonstrated by PS400 vs.

TiMoSy, as seen in Figure 4.4(d). Despite the fact that the average COF value of PS400
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vs. DLC was lower than that of PS400 vs. TiMoSy, the high data scatter results in
overlapping of the two values. Also, the total wear of PS400 vs. TiMoS; was less than that
of PS400 vs. DLC, therefore PS400 and TiMoS: was the optimum material combination
under HPHT conditions.
4.3.3. SEM/EDS analysis

The SEM micrographs of the worn pins (left) and disk (right) following
tribological experiments appear in Figure 4.5 and magnified images are shown on the
sides (see red squares). The orange squares represent the areas from which the EDS spectra
were acquired and the results are presented in Table 4.3. INC 718 pin experienced
significant adhesive wear, due to the metal-on-metal sliding of similar tribo-surfaces that
led to a harsh contact in which both contacting surfaces were severely deformed. In fact,
the INC 718 disk was plastically deformed with microcracks and grooves with high
adhesion points, or dents, visible on the surface (Figure 4.5(a)), which resulted in high
friction and wear. When the PS400 pin was tested against INC 718 disk, significant
deformation also appeared, manifested as plastic flow and abrasive wear. The wear rate of
the PS400 pin was significantly higher than that of the INC 718 pin when they both slid
against INC 718 disk, as shown in Figure 4.4(b). It can be postulated that a thermal
softening “mismatch” between PS400 and INC 718 promoted high wear on the PS400 pin,
which resulted in a penetration of the coating. At RT, the hardness values of INC 718 and
PS400 are around 3.3 and 2 GPa, respectively. Also, INC 718 maintains its strength and
structural integrity up to 700°C, while the maximum operating temperature of PS400 is

below 600°C [47], being more vulnerable to wear when sliding at the testing temperature
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of 464°C. In addition, the INC 718 disk experienced lower plastic deformation, when the
INC 718 pin was replaced with PS400, as seen in Figure 4.5(b). The topography of the
PS400 pin after sliding against Nedox confirmed the formation of “islands” of material
accumulation. The “island” of Figure 4.5(c) appeared flattened, with sharp edges and a
high amount of material debris was trapped between high contact points. The Nedox
counter-surface appeared “fresh,” with merging and burnishing of high asperities.
Rubbing of the PS400 pin vs. TiMoS> produced a polished smooth surface on the pin,
evidence of mild contact. However, the surface of the TiMoS; disk experienced adhesive
wear, in which the substrate was reached in some areas, as shown in Figure 4.5(d). Oxide
particles up tol0 pum in diameter are also visible in the magnified image and were
identified as nickel oxides via EDS, as shown in Table 4.3. A smooth worn surface with
mild wear is observed on PS400 vs. DLC tribo-pair, with some local exfoliation (micro-
pitting) and polishing of superficial layers (see black strips) on PS400 and DLC coatings,

respectively, (Figure 4.5(e)).
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Figure 4.5 SEM micrographs of worn areas of pin (left) and disk (right) specimens of (a)
INC718 vs. INC718, (b) PS400 vs. INC718, (c) PS400 vs. Nedox, (d) PS400 vs. TiMoSz,
and (e) PS400 vs. DLC tribo-pairs. The magnified area is shown with dashed squares, and
the solid sections indicate the EDS area. Scale bars represent 100 um for low and 10 um
for high magnification images, respectively. Modified with permission from [11].
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Table 4.3 shows EDS analyses of the worn surface of the disk specimens after
sliding against PS400 pins. The chemical composition of the worn surface gave
information on the integrity of the coatings, material transfer from the PS400 counter-
surface, and the degree of oxidation allowing correlation with the tribological
performance. Note that for very thin coatings (2 um) of TiMoS; and DLC, the electron
beam can penetrate through the thickness and information on the substrate elements is also
acquired. Also, the detection of C (if any) was removed from the chemical composition of
the samples, except for DLC, as there is not a component of the rest of the tribo-surfaces,
and detection of C is due to contaminants. In addition to the intrinsic elements of INC 718
(see Table 4.1), the solid lubricants from PS400 were also detected on the worn surface

of INC 718.

Table 4.3 Elemental analysis via EDS of uncoated and coated disks following tribo-testing
against PS400. Modified with permission from [11].

(at%) | C O | Al | Ti|Cr| Fe F | Ca| Ni |[Mo|Ag| P

INC 18. 13. | 10. 0.3

718 - 4 28 | 0.9 9 5 7.7 5 436 | 1.3 | 06 | -
76.0 20.

Nedox | - |32 |06 | - - - - - 5 - - 5

1.

TiMo R 0.8 14. 56 | 45 | - - | 239 13. - -

3 6 3

S2

2 13

TiMo - 8- 13| 3 |28 (23| - |05 |679|65]|19

Sz

3 75

TiMo - 4' 04 104 |05|06 ]| - - | 21609 (02| -

S

DLC | 90 | 1.1 - - | 8401 | - - 0.3 - |01 -
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The solid lubricants of PS400, CaF,, BaF (fluorides) and Ag, have an “activation
point” between 400-500°C, at which low shearing strength and favorable ductility can
provide a degree of lubrication [61,62]. When PS400 and INC 718 are slid against each
other in a HT air environment, oxide “glaze” films are formed on the counter-surface
[6,35,47]. Such oxide films adequately lubricate the interface, hence diminishing the
contribution of the PS400 solid lubricants. However, similar uniform oxide films were not
detected, as the CO2 environment restricts surface oxidation, as mentioned in Ref. [51],
and the only lubricating mechanism was due to the presence of transfer solid lubricants.
In fact, a high amount of F and a minute amount of Ag were found on INC 718, which
lubricated the interface and lowered the COF, until the full removal of the PS400 coating
(see Figure 4.2(b)). Nedox appeared with its intrinsic elements only, indicating that the
solid lubricants from PS400 were not transferred onto the counter-surface. The Ni-based
coating contains a significant amount of P originating from the plating process, and a
controlled balance between Ni and P provides the alloy with high hardness and
subsequently good wear resistance and low friction when sliding against itself at ambient
conditions. However, the observed COF for PS400 vs. Nedox was the highest among all
tribo-pairs revealing an incompatible tribological character between the two contacting
surfaces. It was evident that the PS400 was worn out in a non-uniform way that produced
“islands” of accumulated material, probably due to the fact that Nedox is much harder
than PS400 (8.5 vs. 2 GPa), and this difference resulted in high COF. Although the thermal
stability of the PS400 and Nedox coatings is similar and around 600°C, the hardness

difference is more pronounced.
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The chemical analysis on TiMoS; was derived from three different areas, as
indicated in Figure 4.5(d). In area 1 the coating remained on the surface, as evident by
the small amount of Ni (main element of INC 718 substrate), and the detection of Ti and
Mo. Note that the characteristic X-ray signals of Mo and S overlap, therefore only Mo is
shown in Table 4.3. In area 2, the substrate was reached, and the detection of Ni was
significantly higher compared to area 1, and accordingly the amount of Ti, and Mo are
lower. Regarding area 3, the EDS spectrum was acquired from oxide particles that were
formed on top of the INC 718 substrate, due to chemisorption of oxygen atoms from the
surrounding CO- environment. Since the most dominant elements were O and Ni, the
oxide particles can be identified as a type of nickel oxide (NixOy). Under certain
conditions, for example at prolonged sliding and a plethora of oxide particles will result
in the formation of oxide layers by accumulation and compaction with excellent
lubricating characteristics [15]. Hence, the adequate lubrication of the PS400 vs. TiMoS>
tribo-pair can be partially ascribed to the beneficial formation of lubricating Ni-oxide
particles on the substrate. In addition, TiMoS; coating (the MoS: phase in particular),
contributed to lubricating the interface, therefore the observed low COF and wear. Also,
a minute amount of Ag and F solid lubricants was detected that can further contribute to
lubrication of the interface. The majority of C found on the DLC coating confirmed the
integrity of the coating after the end of the experiment, and the graphitized DLC (presented
thereafter) provided adequate lubrication. Some of the main elements of the INC 718

substrate were also detected, due to the beam penetrating through the coating.
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4.3.4. Raman Spectroscopy

Raman spectroscopy was employed to identify the oxides formed on top of the
INC 718 substrate after removal of the TiMoS> coating, and to qualify the amount of
graphitization of DLC coating following HPHT tribological testing against PS400, as
shown in Figure 4.6. The Raman spectrum of the worn area of TiMoS; captured both the
intact coating and the areas where the coating was removed, and oxide particles were
formed on the INC 718 substrate (see Figure 4.5(d)). The two Raman bands centered at
373 and 400 cm were identified to belong to MoS; [83]. The Raman bands at 450 and
488 cm* correspond to Ni-O vibrations, for example NiO and Ni.Os [84,85], as confirmed
by the EDS analysis of area 3 (Table 4.3). The combination of MoS; and Ni-O lubricating
phases at the interface controlled the friction and wear at low values.

The Raman spectrum on a fresh (as-received) DLC coating served as the reference
point and direct comparisons were made with the worn area following HPHT testing, as
shown in Figure 4.6(b). The as-received DLC revealed a broad spectrum, with the typical
G band of commercial diamond-like coatings with the majority of sp® bonds, and a low
In/lc = 0.65 (measured by height-based approach). Obvious peak splitting appeared only
after exposing the coating at 464°C, with the presence of G band which is referred as the
disorder or defect band. The intensity ratio increased to 0.83 due to the initiation of the
breathing mode of sp? carbon atoms during functionalization/graphitization of the DLC
coating. Also, comparing the intensities of the exposed DLC at 500°C under air (Chapter
2) and CO; (Chapter 3) environments at AP with the intensity ratio at 464°C HP CO-

environment, at HPHT CO- environment the DLC coating experienced a lesser degree of
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structural disorders, and the intensity ratio was lower and at 0.85, compared to 1.01 and
1.15 under AP air and CO-, respectively. Therefore, the HP CO- could have an effect on

the structural integrity of DLC coatings after exposure.
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Figure 4.6 Raman spectra of (a) worn TiMoS: disk/INC 718 substrate, and (b) as-received
and worn DLC, after tribo-experiments. Reprinted with permission from [11].
4.3.5. Summary

Five different tribo-pairs were tested under Venusian-simulated environment and
characterized via different analytical techniques to investigate the wear mechanisms and
to explain their tribological performance, as summarized in Figure 4.7. The uncoated INC
718 vs. INC718 tribo-pair was used as the baseline to gauge the contribution of each
coating (PS400, Nedox, TiMoS2, and DLC) on reducing friction and wear, and the

following conclusions can be drawn:

e Modifying one of the contacting surfaces of INC 718 with PS400 coating (metal-

on-coating) decreased the COF by 25%, due to the activation of PS400 solid
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lubricants (CaF,, Ag) that transferred onto the INC 718 counter-surface and
lubricated the interface.

DLC and TiMoS; coupled with PS400 (coating-on-coating) further decreased the
COF up to 43%, compared to INC 718 metal-on-metal contact.

PS400 vs. Nedox generated the highest COF (0.66), due to tribological
“incompatibility” (due to significant hardness differential) at HT between the two
contacting surfaces.

The graphitization of DLC, and the partial removal of TiMoS; accompanied by
the formation of Ni surface oxides on INC 718 substrate contributed in
maintaining low COF.

The observed total wear rates of coating-on-coating tribo-pairs were significantly
lower than metal-on-metal or metal-on-coating. In particular, the total wear of
PS400 vs. TiMoS: tribo-pair was ten times lower compared to INC 718 vs. INC
718.

PS400/TiMoSz and PS400/DLC are a promising material combination for CO>
HPHT environments, for example bearing materials on the rovers and sampling

drills for future missions to VVenus.

Nedox  PS400  Ni-oxide TiMoS, Graphitized
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Figure 4.7 Schematic representation of the interfaces. Reprinted with permission from
[11].

In this chapter the effect of high Venusian pressure was introduced to the
tribological testing to further simulate the environment. In the next chapter the impact of
Venusian exposure on the morphology and mechanical properties of selected friction-

reducing coatings is explored.
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5. CHEMICAL AND MECHANICAL ANALYSES OF HARD COATINGS

EXPOSED UNDER THE VENUS ATMOSPHERIC SURFACE CONDITIONS

5.1. Introduction

Despite that Venus is called Earth’s twin, due to similar size and distance from
sun, its evolutionary path took a completely different trajectory from accretion, resulting
in an inhabitable atmosphere with significant technical challenges for exploration [86]. In
fact, previous planet Venus landers were able to transmit data for only a few hours, before
succumbing to the harsh environment [87]. The surface pressure is 9.55 MPa, and the
environment is 96% CO», 3.5% N, with traces of Ar, H.S, SO, HF, and HCI (with SO
being the dominant minor gas) and 464°C mean surface temperature [17].

The survivability of future missions and in-situ investigation of the inhospitable
surface of Venus in long-duration operations (of the order of days or weeks) requires
knowledge of the impact of the environment on different surfaces, for example
electromagnetic devices, structural and bearing materials in the probes and landers [18].
Recently, there was a twist in the future designs for surface exploration, with the latest
artistic representations pointing towards rovers comprised of entirely mechanical parts
[88]. This is due to the susceptibility of electronic and electromagnetic devices under HP
and HT environments [89], and the minimization of their usage will decrease the
complexity in the designs significantly. Several structural materials, for example pure
metals, steels, and ceramics were exposed to Venusian-simulated environment in the

GEER chamber [12,90-92] and their morphological changes were investigated. GEER is
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located at NASA Glenn Research Center and the composition of the Venusian surface is
simulated inside the chamber, that is 96.5% CO3, 3.5%N>, with 30 ppm H20, 150 ppm
SOz, 28 ppm CO, 15 ppm OCS, 3 ppm H2S, 0.5 ppm HCI, and 5 ppb HF [92].

Costa et al. studied the effect of long Venusian exposure on 304 and 316 stainless
steel for 42 days, and fast oxidation kinetics resulted in the formation of double-layered
scales of iron and iron/chromium oxides. Nickel and molybdenum sulfides were also
detected on the surface of 304 and 316 steels, respectively [91]. Lukco et al. investigated
various materials used in fabricating sensors, electronics, and packaging after 42-days
exposure in the GEER, and they reported high reactivity of sulfur-bearing atmospheric gas
constituents (SO2, H2S) primarily with the materials composed of transition metals, for
example Pt, Cu, and Ni [12]. In a subsequent study, Lukco et al. verified the adversity of
the reactions between pure transition metals with the sulfur constituents in the Venusian
atmosphere [90]. In the NASA report, the authors investigated the surfaces of different
groups of materials, for example austenitic and carbon steels, nickel-based alloys (i.e.,
alloy 615), ceramics (i.e., SiC, SiO,) and commercialized coatings (i.e., 4YSZ, Dursan®)
following supercritical fluid pressures and temperatures mimicking the Venus lower
atmosphere in the GEER chamber. It was found that steels formed double layers of
magnetite and nickel sulfide oxides, nickel-based alloys formed nickel sulfide phases, and
iron oxide phases were formed on top of some coatings, while ceramics were unreacted
after 10 and 42 days of Venusian exposure [92].

It is therefore understood that the VVenusian exposure has a significant effect on the

surfaces of the exposed materials via different chemical reactions, for example oxidation
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and corrosion. Despite that the effect on pure metals, metallic alloys and ceramics was
adequately studied [12,90-92], the same effect on friction-reducing bearing materials, for
example different forms of diamonds and NASA-developed HT alloys, is yet to be
explored. The investigation of the Venusian exposure on frictional interfaces, for example
shafts/bearing, and levers/gears systems is vital for designing future rovers, landers,
probes, and drilling components. In Chapter 3 and 4 different interfaces were tested under
Venusian surface temperature in low and high CO. pressures and it was found that PS400,
a NASA-developed HT alloy coating, generates adequate lubrication when is paired with
DLC, PCD, and TiMoS; coatings.

In this chapter, morphological, chemical, and mechanical analyses on the above-
mentioned friction-reducing coatings following 3-days Venusian exposure at NASA
Goddard Space Flight Center were performed. Atmosphere-surface interactions were
investigated and a starting point in designing mechanical and tribological components for
future Venus exploration was established. Note that the pressurized chamber at NASA
Goddard Space Flight Center does not fully replicate the composition of the lower
atmosphere of Venus, as the GEER, and only the three more abundant gases (CO2, Na,
SOy) are considered instead. While each minor constituent can induce adverse
atmosphere/surface interactions, it was demonstrated that sulfur constituents (i.e., SO2),
in particular, play the most significant role on altering the chemistry of the exposed

surfaces by corrosion and the formation of sulfuric acids [90,91].
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5.2. Experimental
5.2.1. Materials and sample preparation

DLC, PS400, PCD, and TiMoS: coatings were deposited onto INC 718 substrates
(purchased from Onlinemetals.com). INC 718 is a HT nickel-based alloy and a good host
of the above coatings when exposed to extreme environments. The a:C-H DLC coating
was deposited by CVD with a thickness of 2 um (Table 5.1), and hydrogen content of ca.
20-40 at% at Oerlicon Balzers. A thin chromium layer was used to enhance the adhesion
between the coating and the substrate. PS400 was applied by PS at ADMA Products Inc.
with a final thickness of ca. 200 um after grinding using a carbide wheel for optimum
morphology. The composition of PS400 and the role of each phase in enhancing the
performance can be found in previous chapters. PCD was prepared by sintering small
diamond particles at high pressure and temperature in the presence of a liquid cobalt
catalyst at ChampionX. PCD was bonded to a tungsten carbide interlayer and the thickness
of PCD was 1 mm, therefore it can be considered as thick coating or “bulk” material.
TiMoS; was coated onto the substrate at IBC coatings technologies by simultaneous
magnetron sputtering PVD process of Ti and MoS. until the thickness of the coating
reached 2 um. The resulting coating was doped with Ti at ca. 10 at% which enhanced the
hardness and thermal stability of the composite. A thin pure Ti interlayer was first
sputtered to enhance the adhesion between the substrate and the coating.
5.2.2. Aging protocol

Coupons of DLC, PS400, PCD, and TiMoS: coatings were subjected to Venusian

aging at NASA Goddard Space Flight Center. The samples were fixed onto ceramic bars
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separated by spacers, therefore the exposure of the surfaces was uniform, as shown in
Figure 5.1(a). The pressurized test chamber (Figure 5.1(b)) maintained a temperature of
464°C and a pressure of 9.55 MPa with a mixture of CO2, N2 and SO gasses, as shown in
Figure 5.1(c). CO2 was the major component inside the aging chamber with 96.5%, and
N2 at 3.5%. SO, which is the third most abundant gas below the clouds of Venus was
injected in the chamber maintaining ca. 155 ppm. The aging duration was 72 hours, which
would be adequate to simulate the exposure of tribological systems on the landers/probes

during idle times before or during Venusian exploration.
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Figure 5.1 Setup for simulated VVenusian surface aging, (a) coupons and fixture assembly
for aging, (b) Venus pressure test chamber located at NASA Goddard Space Flight Center,
and (c) aging protocol.
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5.2.3. Characterization

A JEOL JSM-7500F SEM was employed to explore the surface of the as-received
and aged specimens. Cross-section SEM and EDS analyses of the aged samples were
performed to examine the near surface morphology and elemental composition.

The Omicron XPS system is equipped with an Argus detector, an excitation source
of Mg Ka 1253.6 eV and the tests were performed in the X-ray power range of 180-
250 W. The right angle for acquisition of the spectra was controlled by a computer-
controlled stage. The surfaces of the aged samples were bombarded via an NGI3000
Argon ion sputter gun, and superficial layers of around 3 nm were removed, along with
any contaminants that adhered on the surface during cleaning. CaseXPS software was used
for deconvolution of the spectra, and the standard deviations for all the samples was kept

less than ca. 1%.

A Bruker TI Premier® nanomechanical instrument was used for measuring the

nanomechanical properties of the as-received and aged samples. The nanoindenter is
equipped with standard and high load transducers. The standard transducer has a load limit
up to 10 mN, whereas for the high load transducer, the maximum load is 1,000 mN (1 N)
and was used for the PCD coating. Berkovich indenters were used to determine the
hardness (H) and reduced modulus (Er) of all samples. The nanoindentations were
performed at room temperature following the loading/unloading curve of Figure 5.2. The

hold time was introduced to reduce creep effects of the coatings, if any.
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Note that several indents at different locations with varying loads were performed
on each sample to assure homogeneity and therefore consistency of the calculated

nanomechanical properties.

Hold time:

Load

Engaging

Time

Figure 5.2 Nanoindentation loading/unloading curve versus time.

The Oliver-Pharr method was used to calculate H and E; of the samples [93].

According to the method the contact depth (hc) of nanoindentation can be calculated from

Eq. (1),

Pmax
he = hpax — € s (1)

where Pmax, hmax, and S represent the maximum load, maximum displacement, and initial
slope of the unloading section of the load-displacement curve, respectively. For Berkovich
indenters, ¢ = 0.72. Using a predetermined areal calibration on a standard fused quartz, the
contact area (Ac) was calculated from the contact depth (hc). After that, H and Er were

determined using Egs. (2) and (3), respectively,
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Microhardness measurements were carried out using a Vickers microhardness
tester (Wilson TUKON 1102) to measure the surface hardness of PS400, and to
complement the results obtain from the nanoindentations on DLC and TiMoS..

5.3. Results and discussion
5.3.1. Surface SEM/EDS

Figure 5.3 depicts SEM images of the surface of the samples before aging (as-
received). DLC appeared with parallel ridges of material formed from the deposition
process. These higher points did not increase the surface roughness significantly, and the
coating was fairly smooth, with root mean square (Sq) roughness of 0.38 um, as shown in
Table 5.1. Also, the maximum peak-to-valley distance (Sz) was 5.12 pum, capturing the
height of the ridges. Different decolorizations can be seen in Figure 5.3(b), corresponding
to different phases of PS400 that are exposed on the surface, with Ni-Mo-Al being the
dominant phase (shown with darker color). The localized concentration of different phases
on the surface of PS400, its coarse microstructure, and residual porosity yield high surface
roughness with Sg of 1.55 um and Sz at 35.9 um [6]. PCD appeared with two distinct
surface morphologies induced from the sintering process (see black and white areas in
Figure 5.3(c)), while the as-received TiMoS; had a smooth and uniform surface (Figure

5.3(d)) with a small degree of particles agglomeration, and the Sq values were 0.12 and
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0.19 um, respectively. The Sz values were also small depicting the smooth surface of PCD

and TiMoS..

Table 5.1 Roughness parameters of as-received and aged samples using confocal
microscopy (800 x 800 um? image size). Thickness as provided by the vendor.

Parameters Sg (um) Sz (um) Th(il(ilr;n)ess
Condition | As-received Aged As-received Aged As-received
DLC 0.38+0.0008 | 0.49+0.06 | 5.12+0.39 | 6.28+1.17 2
PS400 155+0.18 | 2.40+0.48 | 35.9+1.65 | 28.99 + 0.66 200
PCD 0.12+0.008 | 0.47 £0.07 | 2.38+0.09 | 3.36 +0.37 1000
TiMoS; 0.19+0.01 | 0.20+0.01 4041 4.07+0.1 2

Figure 5.4 shows low and high magnification (inset) SEM images of the four
samples after subjecting to Venusian aging according to the protocol in Figure 5.1(c). The
surface of DLC was characterized with the same parallel ridges seen on the surface of the
as-received coating (Figure 5.4(a)), demonstrating that no morphological changes
occurred after exposure. Sq and Sz were slightly increased to 0.49, and 6.28 pm,
respectively. Exposing PS400 under supercritical pressures resulted in the full coverage
of the coating with superficial particles of irregular shape and sharp edges, ranging from
ca. 2 to 4 um in size. Evidently, during the aging process atmosphere-surface interactions
happened and chemically or physically adsorbed layers were formed on the surface which

increased the Sq by 55% and decreased Sz by 29%.
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Similarly, the surface of PCD was partially covered by nodular-like particles,
forming islands of accumulated reactants following the aging process. These particles
were smaller in size, compared to the particles observed on PS400, with diameters of less
than 1 um, and the measured Sq and Sz was 0.47 and 3.36 um, respectively. Such a large
increase in Sq was attributed to the formation of these islands composed of particles
forming a rougher surface. Similar to DLC, TiMoS; appeared fresh and unreacted in the

Venusian atmosphere, with marginal increases in Sq and Sz.

. PEDe

Figure 5.3 Surface SEM images of as received (a) DLC, (b) PS400, (c) PCD, and (d)
TiMoS; coatings.
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Figure 5.4 Surface SEM images after simulated Venusian aging of (a) DLC, (b) PS400,
(c) PCD, and (d) TiMoS; coatings.

To further analyze the exposed surface of the samples, EDS mapping was carried
out and information on the abundance of different elements on the surface was obtained,
as shown in Figure 5.5(a-d). Note that during EDS, information of the INC 718 substrate
was also acquired but omitted from the analysis, for simplicity. As illustrated in Figure
5.5(a), C was detected throughout the surface, corresponding to the sp? and sp® hybridized
carbon bonds of DLC. A considerable amount of Cr is also detected, corresponding to the
pure Cr interlayer between the DLC coating and the substrate. The concentration of O was
insufficient to be detected from the EDS analysis. Figure 5.5(b) shows the EDS results
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on the surface of PS400. As seen in the SEM image of Figure 5.4(b), the surface of PS400
was covered by particles of irregular geometries. These adsorbed particles were rich in
sulfur and were densely spread onto the surface. Their irregular shape promoted internal
voids and therefore the newly formed layer showed a degree of porosity and the PS400
was exposed. Ni appears throughout on the EDS mapping image, demonstrating that the
superficial S-rich film was thin, and easily penetrable by the EDS electron beam.
Chromium was also detected with a marginal concentration. Note that the concentration
of SO; inside the aging chamber was 155 ppm, yet adequate for energetic sulfur atoms to
react with the exposed surface and form dense S-rich layers. O was also localized at the
same areas of S with a small concentration, demonstrating that different types of sulfur
oxides were formed. The porous structure of PS400 promoted the diffusion of sulfur and
oxygen atoms found at the surrounding Venus atmosphere leading to oxidation,

manifested as the formation of different types of sulfur oxides [92].
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Figure 5.5 Surface EDS mapping of (a) DLC, (b) PS400, (c) PCD, and (d) TiMoS..
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Figure 5.5(c) shows the corresponding EDS mapping of PCD. As seen from the
SEM images of Figure 5.4(c), PCD was partially covered by densely packed particles
forming “islands” of adsorbed atoms following the aging process. EDS mapping was taken
such both black and gray areas were covered and it was found that the black areas
represented the PCD coating and the gray areas the accumulated particles formed during
the aging process. Another EDS mapping of the accumulated particles was taken to
acquire more information on the elemental analysis of the newly formed film, as shown
in Figure 5.5(c). S appeared as one of the main elements found on the surface, indicating
that similar chemical interactions between the exposed surface and the surrounding
environment took place, as in the case of PS400. Again, the S-rich layer was easily
penetrable and the main elements of PCD were detected, namely C and Co. The presence
of Co is attributed to the metal catalyst used during the sintering process. Traces of O were
also found at the same areas where S was located, hence SOx functional groups were
formed on the surface, similar to PS400. The newly formed film was further chemically
analyzed via XPS, and the results are presented in Figure 5.7. Figure 5.5(d) shows the
EDS mapping of TiMoS,. Similar observations as for PS400 and PCD, where S-rich
adsorbed films were captured cannot be extrapolated for TiMoS, since S is intrinsically
distributed throughout the surface. However, from the SEM images of Figure 5.4(d) no
such film was observed, thus the detection of S corresponds to the as-received coating.

Minute traces of O were also captured from the EDS analysis.
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5.3.2. Cross-section SEM/EDS

As seen in Section 5.3.1, superficial adsorbed layers were formed onto the surface
of PS400 and PCD. In this section, cross-section EDS was carried out to investigate the
thickness of these layers and the abundance of the elements in the surface/subsurface area.
For DLC (Figure 5.6(a)), C distributed everywhere along the top surface with a thickness
of ca. 2 um. Cr is detected below the coating, representing the interlayer used during the
deposition process. A significant amount of O was also found below the DLC coating,
depicting that O atoms were diffused through the DLC coating and reacted with Cr
subsurface, while the top coating remained unreacted, as also seen with the surface EDS
analysis in Figure 5.5(a). In a previous study by the authors, it was reported that
significant oxidation of DLC after short-time exposure only happened under air
environment (and at 500°C), and not under CO2 [51]. The elements found below the

interlayer (Ni and Cr) correspond to the INC 718 substrate.

Figure 5.6(b) illustrates the splat-type morphology forming different phases of
PS400 (thickness ca. 200 um), in accord with Ref. [35]. PS400 is composed of a Ni-Mo-
Al matrix, supported by Cr.Os hardening phase, and Ag, BaF. and CaF2 lubricating
phases. In fact, all the main elements were scattered throughout the cross-sectional area.
Most of the area is covered by nickel, with Cr.O3 phases “filling” the gaps and serving as
the second most dominant phase of PS400 coating. The fluorides and silver phases were
also detected. Most importantly, S did not only appear on the top surface of the coating

forming a dense film of 2-5 um in thickness, but it also diffused through the thickness due
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to the high porosity of PS400 coating. O is also captured at the topmost surface (forming

SOx groups) and through the thickness because of intrinsic Cr20:s.

Figure 5.6(c) presents the EDS mapping of PCD, which had a thickness of 1 mm.
C was the main element of the cross-sectional surface of PCD and appeared throughout.
O was the second most abundant element which was also found through the thickness,
revealing a degree of internal oxidization. S was also detected with a marginal
concentration through the thickness, however, the accumulated S-rich islands seen in
Figure 5.4(c) were not captured, possibly due to the unintentional removal of them during
cutting for cross-section analysis. Specifically, electrical discharge machining was used to
cut a cross-section of PCD, as opposed to dry cutting with diamond blade, which was used
for the rest of the samples. As postulated earlier, the thickness of the S-rich islands
observed in Figure 5.4(c) was smaller than the S-rich layer formed on PS400, as they were
comprised of fine particles, in contrast to the larger particles seen in Figure 5.4(b) for
PS400. Figure 5.6(d) shows the EDS mapping of TiMoS,. The surface SEM/EDS on the
coating demonstrated that no morphological and compositional alterations took place
during the aging process and the coating appeared the same with as-received. The cross-
section EDS confirmed the above-mentioned observations, with Ti, Mo, and S found on
top of the INC 718 substrate with a thickness of 2 um. O also appeared in the EDS

mapping, with a slightly higher concentration towards the TiMoS: coating.
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Figure 5.6 Cross-section EDS mapping of (a) DLC, (b) PS400, (c) PCD, and (d)
TiMoS..
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5.3.3. XPS analysis

Figure 5.7(a, b) show high resolution S2p spectra of PCD and PS400,
respectively, which are the two coatings that experienced significant morphological and
chemical changes following Venusian aging. The S2p spectra in both samples were fit
deconvoluted into four peaks at 162, 164, 166, and 167 eV. The two intense peaks at lower
binding energies represent S-S bonding, and the two weak peaks at higher binding energies
represent sulfur oxide functional groups, presumably SOs. The XPS spectra and the
presence of S-S high peaks confirmed the formation of S-rich layers on top of PCD and
PS400 coatings with a small degree of sulfur oxidization. Also, in both PCD and PS400 S
did not react with the underlayers, therefore the S-rich particles were physically adsorbed

on the surface.
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Figure 5.7 High resolution S2p XPS spectra of (a) PCD, and (b) PS400.
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5.3.4. Micro and nanomechanical analysis

The same samples were subjected to nano and micro indentation measurements for
mechanical evaluation before and after aging. It was previously found that PS400 and
PCD experienced the most prominent morphological changes following Venusian-
simulated aging, manifested as S-rich layers formed on the surface of the samples. It is
widely understood that the chemical and mechanical properties of structural and frictional
systems are dictated by their topmost surface, therefore such knowledge is very important.
The newly formed layer on PS400 was 2-5 um thick (see Figure 5.6(b)), and for PCD the
thickness of the S-rich islands was ca. 1 um, as measured by 3D profilometry (see Sz in
Table 5.1). Therefore, to accurately measure the mechanical properties of such films the
nanoindentation method was employed. Also, DLC and TiMoS; coatings were 2 um thick,
hence an accurate measurement of the mechanical properties of these coatings before and
after Venusian exposure requires very shallow indentations to avoid substrate effects [94].
Vickers indentation was used to measure the hardness of as-received and aged PS400, as
nanoindentation was not an effective method due to its multi-phase morphology, and
localized indents would result in measuring the properties of the individual phases.

Figure 5.8 shows characteristic load-displacement curves of as-received and aged
samples, therefore the effect of Venusian aging on the nanomechanical response and
subsequently the mechanical properties were evaluated. Identical indentations on DLC
yielded an increase in the hmax 0f around 50% compared to the corresponding aged coating
(Figure 5.8(a)). At the same Pmax, hf was also increased from 20 to 35 nm, indicating a

higher degree of plastic deformation. As discussed previously a dense S-rich film was
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formed on PS400 and an attempt was made to measure the Erand H via nanoindentation.
However, as seen in Figure 5.8(b) the resulting load-displacement curve of the aged
PS400 was of irregular shape and the Oliver and Pharr method was not suitable [93], due
to surface/roughness effects and irregularities (i.e., defects) of the adsorbed S-rich film.
Nevertheless, the corresponding penetration depths of the aged PS400 were significantly
higher than those of the as-received sample, thus Er and H were expected to reduce
significantly. Figure 5.8(c) shows load-displacement curves of PCD, before and after
aging. Note that the indents were performed on the PCD and not on the S-rich layer as an
attempt to indent onto the S-rich particles resulted in erratic behaviors similar to PS400,
and the measurement of E; and H was infeasible. Interestingly, the hmax of the aged PCD
was slightly lower than the corresponding as-received sample. Also, note that both indents
were almost purely elastic, due to the extreme hardness of PCD, which is comparable with
the hardness of the diamond Berkovich tip used for nanoindentation. Therefore, the
extracted Er and H value shown in Figure 5.9 should be treated with care, and quantitative
evaluations should be omitted. Herein, the indents on PCD were intended to capture any
significant degradation of the nanomechanical response after Venusian aging. The ht of
aged TiMoS:; increased from 125 to 150 nm, and hmax increased from 150 to 190 nm,
revealing a degree of mechanical degradation after VVenusian exposure (Figure 5.8(d)).
Figure 5.9 summarizes the average Erand H values of TiMoS,, DLC, PS400, and
PCD calculated from multiple nanoindents before and after Venusian aging. For PS400
the average H value is only shown, and it was measured via Vickers indentation. DLC,

which is generally understood that is not a very HT material, and its mechanical properties
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are experiencing significant degradation due to structural transitions (i.e., graphitic
contributions) starting at temperatures above 300°C and intensifying at 500°C [7,11].
Herein, the 72-hour exposure at 464°C induced a significant reduction in E, and H at 38
and 95%, respectively. Regarding PS400, the measured average Vickers hardness of the
as-received PS400 was 2 GPa, in agreement with [47] and decreased to 1.6 GPa after
exposure. Note that Vickers indentation is a suitable method for capturing the overall
“combined” hardness of multi-phase materials.

Interestingly, Erand H of PCD increased after the aging process, revealing high
resistance to the Venusian environment. TiMoS; experienced some degree of degradation
in Erand H, manifested as 15 and 26% reduction, respectively. TiMoS; has a thermal
stability up to 500°C, as given by the vendor. Therefore, it is plausible that by exposing
the material under 464°C (and 95.5 bar CO) for 72 hours resulted in degrading the
mechanical properties of TiMoS: by lowering Erand H. Also, Sun et al. reported a rapid
jump on the wear of TiMoS; when the testing temperature was above 400°C, due to

softening of the material [79].
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Figure 5.8 Representative load-displacement nanoindentation curves of as-received vs.
aged samples (a) DLC, (b) PS400, (c) PCD and (d) TiMoS..
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Figure 5.9 (a) Average E: and (b) H of as-received and aged DLC, PS400, PCD and
TiMoS:. Error bars represent + one standard deviation of multiple indents.
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5.4. Summary

This chapter investigated the effect of 72-hour Venusian simulated exposure on
the morphological, chemical, and mechanical properties of the surface of four friction-
reducing coatings due to atmosphere-surface interactions. It was found that Venusian
aging can have a significant effect on Ni-based alloys and diamond-like materials (DLC
and PCD), and the following conclusions can be drawn:

e PS400 and PCD experienced a higher degree of morphological changes after Venusian
aging with the adsorption of superficial layers of few microns in thickness, while DLC
and TiMoS: exhibited chemical inertness. These layers were identified as S-rich with
predominantly S-S bonds and a marginal presence of SOa.

e The mechanical properties of DLC deteriorated the most after exposure to Venusian
aging, whereas PCD demonstrated extreme structural resistance. The Er and H values
of TiMoS:z decreased by 15 and 26%, respectively, and the corresponding H value of
aged PS400 decreased by 20% after VVenusian exposure.

e DLC, PCD, PS400, and TiMoS: could be candidate materials to coat structural and

bearing systems for future missions to Venus.

In this chapter it was demonstrated that the Venusian environment can have an advert
effect on the exposed surfaces by different chemical interactions. The mechanical
properties can also be deteriorated, therefore the study of the tribological behavior of
exposed specimens simulating idle times (before or between operation) after landing is

paramount in designing and developing tribological surfaces for future missions to Venus.
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Chapter 6 discusses the effect of Venusian aging on the tribological performance of these

friction-reducing coatings.
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6. EFFECT OF VENUSIAN AGING ON THE TRIBOLOGICAL PERFORMANCE OF

FRICTION-REDUCING COATINGS

6.1. Introduction

As reported in the previous chapters, the adversity of the Venusian atmosphere can
alter the chemistry, morphology, and mechanical properties of the topmost exposed
surfaces. Therefore, information on how these surface changes can affect the performance
of the coatings under tribological testing is very important.
6.2. Experimental
6.2.1. Materials and sample preparation

The same materials examined in Chapter 5, were subjected to tribological
evaluation in this chapter. The sample preparation is reproduced from Chapter 5, and it
is presented below for convenience. DLC, PS400, PCD, and TiMoS; coatings were
deposited onto INC 718 substrates (purchased from Onlinemetals.com). INC 718 isa HT
Ni-based alloy and a good host of the above coatings when exposed to extreme
environments. a:C-H DLC coating was deposited by chemical vapor deposition with a
thickness of 2 um, and hydrogen content of 20-40 at% at Oerlicon Balzers. A thin
chromium layer was used to enhance the adhesion between the coating and the substrate.
PS400 was applied by plasma spraying at ADMA Products Inc. with a final thickness of
ca. 200 pum after grinding using a carbide wheel for optimum morphology. The
composition of PS400 and the role of each phase in enhancing the performance is

described in previous chapters. PCD was prepared by sintering small diamond particles at
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high pressure and temperature in the presence of a liquid cobalt catalyst at ChampionX.
PCD was bonded to a tungsten carbide interlayer and the thickness of PCD was 1 mm,
therefore it can be considered as thick coating or “bulk” material. TiM0S was coated onto
the substrate at IBC coatings technologies by simultaneous magnetron sputtering PVD
process of Ti and MoS: until the thickness of the coating reached 2 um. The resulting
coating was doped with Ti at ca. 10 at% which enhanced the hardness and thermal stability
of the composite. A thin pure Ti interlayer was first sputtered to enhance the adhesion
between the substrate and the coating.
6.2.2. Aging protocol

The same aged materials examined in Chapter 5, were subjected to tribological
evaluation in this chapter. The aging protocol is reproduced from Chapter 5, and it is
presented below for convenience. Coupons of DLC, PS400, PCD, and TiMoS; coatings
were subjected to Venusian aging at NASA Goddard Space Flight Center. The samples
were fixed onto ceramic bars separated by spacers, therefore the exposure of the surfaces
was uniform, as shown in Figure 5.1(a). The pressurized test chamber (Figure 5.1(b))
maintained a temperature of 464°C and a pressure of 9.55 MPa with a mixture of CO2, N2
and SO gasses, as shown in Figure 5.1(c). CO2 was the major component inside the aging
chamber with 96.5%, and N at 3.5%. SO, which is the third most abundant gas below the
clouds of Venus was injected in the chamber maintaining ca. 155 ppm. The aging duration
was 72 hours, which would be adequate to simulate the exposure of tribological systems

on the landers/probes during idle times before or during Venusian exploration.
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6.2.3. Experimental parameters

Tribological testing was performed using fresh and aged specimens to capture the
effect of aging on the tribological performance of three selected tribo-pairs in a ring on
flat contact configuration, as shown in Figure 6.1. Table 6.1 lists the experimental
parameters. PS400 was the mating surface for all tribo-pairs, except PCD. Note that PS400
vs. PCD was previously tested in Chapter 2 and generated high wear on the softer PS400
coating due to a hardness mismatch between the two contacting surfaces, therefore, PCD
was self-tested. Also, a normal load of 178N resulted in 0.57 MPa contact pressure
between the ring specimens and the corresponding disks. A pressure of 2.41 MPa CO2 gas
(99.5% pure) was developed inside the testing chamber. A flashing/venting protocol was
used as described in Section 4.2.2. A linear speed of 0.2 m/s for 30 min test duration
resulted in 360 m sliding distance. Fresh and aged samples were tested; hence the effect

of aging was captured.

Table 6.1 Experimental parameters.

Tribo-pairs T Load Sliding

(ring vs. flat) (Pressure) speed Duration Env.

PS400 vs. DLC
PS400 vs. TiMos, | 46a°C | 28N 1 0omss | somin | 241 MPa

(2.6MPa) COz
PCD vs. PCD
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Contact area: 312.1 mm?

Disk Ring E é é ﬁ

Figure 6.1 (a) Photograph of disk and ring and (b) contact configuration.

6.2.4. Characterization

Investigation of the pin and disk worn surfaces following tribo-testing was carried
out with an Olympus DSX510 optical microscope. A Dektak (Bruker) stylus profiler was
used to obtain the 3D topography of the wear track of the disks. A Tescan Vega SEM/EDS
was employed to explore the topography and the elements found on the worn surfaces
after tribological testing.
6.3. Results and discussion
6.3.1. COF — Fresh samples

The same tribo-pairs were previously subjected to tribological studies under
different experimental conditions and contact configurations, as reported in Chapter 4. In
this chapter, the contact configuration was changed from 3-pins on flat to ring on flat to
ensure uniform wear of the rubbing surfaces. Therefore, the same experiments were
repeated with the new configuration to allow direct comparison with the tribological
performance of the corresponding aged samples and to capture the effect of thermal aging
(see protocol in Figure 5.1). Each test was repeated twice to acquire an average trend of

the frictional performance and to evaluate the degree of uncertainty. Note that under

121



special experimental conditions the tribo-surfaces generate more erratic responses,

especially when are being tested close to their maximum operational capabilities.

Figure 6.2(a) shows the frictional response of PS400 vs. DLC, in which the COF
was smoothly increasing until 15 min of experiment and remained fairly constant at
around 0.35 thereafter. The sliding of PS400 vs. TiMoS; resulted in a rapid increase in the
COF after 3 min of sliding, followed by a steady-state region with COF values around
0.35 (see Figure 6.2(b)). PCD vs. PCD generated a mild contact, evident by the smooth
evolution and the absence of erratic changes of the in-situ COF, as seen in Figure 6.2(c).
Figure 6.2(d) shows the average values, calculated from the steady state COF of identical
experiments. Despite that the sliding of PCD vs. PCD vyielded the lowest average COF at
0.28, the high uncertainty (appeared with error bars) overshadows the corresponding
average values of the other two tribo-pairs. PS400 vs. DLC generated an average COF of

0.34, whereas the average COF of PS400 vs. TiMoS; was 0.36.
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Figure 6.2 In-situ COF with time of ring tests of fresh (a) PS400 vs. TiMoS,, (b) PCD vs.
PCD, (c) PS400 vs. DLC, and (d) corresponding average COF values.
6.3.2. COF — Aged samples

Figure 6.3 shows the evolution of COF with time of the three aged tribo-pairs, as
per the aging protocol of Figure 5.1. Note that the friction surfaces were tested as-aged
and cleaning procedure with chemicals (i.e., isopropyl alcohol) was omitted, and the
samples were soft cleaned with compressed dry air. As reported in Chapter 5, PS400 and
PCD formed a compacted S-rich layer, therefore a sonication process would potentially
remove it from the surface. PS400 vs. DLC appeared with a smooth increase from 0.1 to
around 0.2 by the end of the experiment (see Figure 6.3(a)). Figure 6.3(b) shows the
instantaneous COF with time of PS400 vs. TiMoS: tribo-pair, which depicted an initial

decrease followed by a smooth increase in the COF until a fairly constant COF was
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observed. By the end of the experiment the COF was 0.3. The interface between the self-
made contact of PCD remained mild during the full duration of the experiment and the
COF appeared unchanged and at a value of 0.2, as shown in Figure 6.3(c). Figure 6.3(d)
averages the values of the in-situ COF of repeated experiments. DLC depicted the lowest
average COF value of 0.13, followed by PCD with a slightly higher value of 0.21. PS400

vs. TiMoS; appeared with the highest average COF of 0.3.
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Figure 6.3 In-situ COF with time of ring tests of aged (a) PS400 vs. TiMoS», (b) PCD vs.
PCD, (c) PS400 vs. DLC, and (d) corresponding average COF values.

6.3.3. Effect of aging on frictional performance
The corresponding in-situ and average COF values from Figure 6.2 and Figure

6.3 are reproduced in Figure 6.4 to elucidate the effect of aging on the frictional
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performance of PS400 vs. TiMoS,, PCD vs. PCD and PS400 vs. DLC. Despite that the
instantaneous COF values of fresh and aged PS400 vs. TiMoS; specimens overlapped at
the last 10 min of the experiments, the transient zones demonstrated two different trends
(see Figure 6.4(a)). A rapid increase was observed at the initial stages of the experiment
for the fresh contacting surfaces, followed by high fluctuations attributed to different
contact mechanisms formed by accumulated debris at the interface. In contrast, rubbing
of the aged specimens resulted in a broad hump until 20 min of experiment, potentially
due to a slower wear rate process of the contacting surfaces and a smoother interface. Both
self-tests with fresh and aged PCD samples appeared with COF values remaining fairly
constant, with the aged specimens generating a lower in-situ COF during the full duration
of the experiment, as shown in Figure 6.4(b). Similarly, the COF of fresh PS400 vs. DLC
remained at higher values, while both evolutions stayed away from erratic changes and
fluctuations (Figure 6.4(c)). Note that for the experiments with the aged PS400 against
aged TiMoSz and DLC coatings the in-situ COF did not reach a steady-state, therefore
prolonged tests should be performed until a constant interface is reached, if a durability
study is of concern. TiMoS; and DLC coatings were 2 um thick, and during the experiment
were subjected to a progressive failure, until penetration into the substrate. Therefore,
prolonged tests will also uncouple the durability behavior of the coatings and the steady-
state COF and should be considered for future studies. Figure 6.4(d) shows the average
COF values of the fresh and aged tribo-pairs; therefore, the effect of the aging process can
be clearly captured. The thermal aging procedure had a positive effect on the frictional

performance of the tribo-pairs, especially for PS400 vs. DLC, where a 62% reduction in
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the average COF value was observed. PS400 vs. TiMoS; and PCD vs. PCD tribo-pairs

experienced a 17 and 25% reduction, respectively. The high uncertainty of fresh PCD vs.

PCD experiment overshadows the corresponding COF value seen in the aged samples,

hence conclusive observations of the effect of aging on the frictional performance of PCD

self-mate contact cannot be made.
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Figure 6.4 In-situ COF with time of ring tests with fresh and aged (a) PS400 vs. TiMoSa,
(b) PCD vs. PCD, (c) PS400 vs. DLC, and (d) corresponding average COF values.

6.3.4. Effect of aging on wear performance

Figure 6.5 demonstrates the severity of the wear in 2D and 3D profilometric scans.

The line scan direction is shown with an arrow on the 3D images of Figure 6.5(a2, a3,

b2, b3).
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Note that both the width and the depth of the wear track are good indicators of the amount
of wear, that is higher the depth and broader the width of the wear track, higher the wear.
Figure 6.5(al) shows the wear profile of TiMoS; coating after fresh and aged experiments
against PS400 coating. The wear track of fresh TiMoS; appeared wide with a maximum
depth of around 1 pm, whereas the maximum depth of the coating after the aged test was
almost 2 um (coating thickness is 2 um). The 3D scan of Figure 6.5(a2) also captures a
significant amount of debris inside the wear track that can accelerate the wear on the
counter-surface and generate higher friction (see COF value of fresh PS400 vs TiMoS; in
Figure 6.4(d)). The wear track of the aged TiMoS, was smooth, indicating that a milder
contact took place that yielded a lower COF, compared to the fresh specimens. The wear
depth of DLC coatings after the fresh and aged tests remained at shallower depths (<1 pm)
as can be seen in Figure 6.5(b1), compared to TiMoS,. The wear track on the fresh DLC
was broader than aged DLC, indicating that a higher amount of material was removed

from the surface. This is confirmed by the 3D profiles of Figure 6.5(b2, b3).
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Figure 6.5 2D and 3D scans after tribological experiments with fresh and aged samples
of (a) PS400 vs. TiMoSz, and (b) PS400 vs. DLC.
6.3.5. Optical microscopy — Aged samples

Figure 6.6 illustrates optical micro-images of the worn disk specimens following
ring on flat tribological testing with fresh and aged samples. Figure 6.6(a) shows the worn
areas of PS400 rings and DLC disks. As-received PS400 is very porous, due to its coarse
microstructure, with a high yielded surface roughness. Figure 6.6(al) shows that the wear
process of the softer phases of PS400 resulted in filling the porous and reducing the surface
roughness via polishing. The DLC coating experienced mild wear and burnishing of high
asperities. The aged PS400 ring experienced a similar “filling” process as the fresh sample
(see Figure 6.6(a2)). However, the worn area was more compacted, uniform, and smooth,

favorable for generating low frictional forces.
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In Chapter 5 it was shown that a dense, S-rich layer composed of particles of 2 to
4 um in size was formed and physically attached on PS400 (and PCD) after exposure to
the Venusian-simulated environment. Therefore, it is plausible that these particles were
smeared and melted during HT contact forming a lubricious layer, thus a significantly
lower COF was observed. The aged DLC disk had similar wear characteristics as the fresh
sample, with mild wear appearing as discoloration. Figure 6.6(b1) shows that the pores
of PS400 were filled, presumably with the softer silver and fluoride phases that are
subjected to shearing during sliding. The TiMoS had obvious wear marks, along with
accumulated material, as indicated by an arrow in Figure 6.6(b1). The PS400 aged ring
of Figure 6.6(b2) was smooth and glazy, contributing to lowering the COF after the aging
process. The TiMoS; counter-surface had different wear mechanisms, that is, towards the
center the wear was more prominent, while at the edges of the wear track the coating
experienced less wear. Figure 6.6(c) shows the micro-images after self-mate tribological
experiments with fresh and aged PCD. Both contacting surfaces remained fresh and
smooth with minor micro-pitting, demonstrating high wear resistance at the testing
temperature of 464°C, as seen in Figure 6.6(cl). Figure 6.6(c2) shows that the S-rich
particles that formed from the aging process remained at the interface after tribological
testing, demonstrating high affinity with the PCD underlayer. Also, material accumulation
can be observed, probably due to compaction and melting of the S particles, as will be
seen in Section 6.3.6. Nevertheless, the covering area with S-rich lubricious film on PCD
was much less compared to PS400, therefore the effect of aging on the frictional

performance was less pronounced, as seen in Figure 6.4.
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Figure 6.6 Optical images of worn rings and disks after fresh and aged experiments of (a)
PS400 vs. DLC, and (b) PS400 vs. TiMoS,, and (c) PCD vs. PCD.
6.3.6. SEM analysis — Aged samples

Figure 6.7 illustrates SEM images of the worn surfaces of fresh and aged DLC,
TiMoS>, and PCD disk surfaces. The surfaces of both fresh and aged DLC disks appeared
smooth, with the wear mechanism happening mostly along the ridges of the surface,
demonstrating that the coating retained its structural integrity after the HT test. The
TiMoS: coating appeared more damaged compared to the DLC, following micro-pitting
and adhesion wear mechanisms for the fresh and aged coating, respectively. The visible

grains of fresh PCD demonstrate the extreme wear resistance of the coating when
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subjected in tribological experiment under HPHT CO:z environment. The grains are also
visible on the aged PCD, with, however, most of the contacting surface covered with S-
rich layers. As demonstrated in Chapter 5, following the aging process, S-rich physically
adsorbed layers were formed on top of the PCD and PS400 coatings (see Figure 6.8). In
this chapter, it was observed that these formations remained at the interface and acted as
external liquid lubrication during testing at HT, passivating high frictional forces between
the contacting surfaces, therefore the lower observed COF of Figure 6.4 regarding the
aged samples. The S-rich particles were subjected to smearing and melting during HT
sliding contact and did not transfer on the counter-surfaces demonstrating good adhesion
with the coatings. The most pronounced decrease in the COF was seen in PS400 vs. DLC
tribo-pair, attributed to the generation of a favorable interface, on one hand the
filling/polishing effect on PS400 and on the other hand the controlled wear process on
DLC. However, TiMoS; experienced higher wear which almost caused the full removal
of the coating, and this continuous wear process yielded a higher friction. It is expected
that prolonged sliding of DLC and TiMoS: coatings will cause the complete removal from
the interface, and their role can be sacrificial, in particular for long-duration mechanical
contacts. In Figure 5.9 it was shown that following Venusian aging DLC and TiMoS; had
hardness values of 10.2 and 4.5 GPa, respectively. The addition of HT testing would
further lower the hardness values of the coatings, thereby the wear resistance, with the
DLC coating appeared to have higher resistance to wear compared to TiMoS2. HT

nanoindentation on fresh and aged DLC and TiMoS; coatings should be implemented to
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uncouple the effect of aging and HT testing on the mechanical properties and the wear

resistance of the coatings, as discussed in Chapter 9.
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Figure 6.7 SEM micrographs following tribological experiments of fresh and aged (a)
DLC, (b) TiMoS, and (c) PCD.
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Figure 6.8 SEM/EDS analyses on untested aged (a) PCD and (b) PS400 coatings. High
magnification images are shown on the left and EDS mapping appears on the right of the
figure.
6.3.7. EDS analysis — Aged samples

Figure 6.9 shows EDS mapping of the pin surfaces following tribological
experiments with the aged samples. In Section 6.3.5 it was illustrated that S-rich particles
were subjected to smearing and melting during sliding, hence lubricating the interface.
Note that the testing temperature was significantly higher than the melting temperature of
S. The EDS analysis confirmed the above-mentioned assumption with the detection of S-

rich films on the surface of PS400 after sliding against DLC (Figure 6.9(a)) and TiMoS>

(Figure 6.9(b)) and PCD self-testing (Figure 6.9(c)). These films had favorable flow
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characteristics and load bearing capabilities, therefore lowering the COF and protecting
the tribo-surfaces from excessive wear. Note that the most abundant element of the PS400
coatings, that is Ni, was also captured, and similarly C for PCD, as the EDS beam could
penetrate the thin films. Also, minute traces of O were found in the same areas as S,

especially for PS400.
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Figure 6.9 EDS analysis on pin surfaces of aged (a) PS400, (b) PS400, and (c) PCD
following tribo-testing against DLC, TiMoS; and PCD, respectively.
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6.4. Summary

In this chapter the effect of Venusian-simulated aging on the tribological
performance on selected coatings was investigated and the following conclusions can be
drawn:

e The aging process had a noticeable effect on the COF of the three tribo-systems,
especially for PS400 vs. DLC, with a 62% reduction in the average value, whereas
the wear did not change significantly.

e The S-rich layer that was formed on PS400 during the aging process was subjected
to a smearing and melting process and acted as an external lubricant alleviating
the friction between PS400 and TiMoS,/DLC and PCD-self mate contact.

e PS400 and DLC coatings should be considered as candidate materials to coat
bearing surfaces where low friction is concerned, and PCD where dimensional

stability and structural integrity is dictated.

This chapter concludes the study on bearing surfaces for Venus exploration, such as
in all-mechanical rovers, drills, balloons, probes, etc. Starting from a downselection of
potential suitable interfaces for generic conditions to simulating Venusian aging and
tribological testing in realistic conditions, this study provides significant results in the
effort of launching future Venus missions. The next chapter makes a twist on the
application to nuclear reactors, wherein higher temperatures and a different environment

prevails, therefore a different approach on the material selection and processes was taken.
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7. HELIUM TRIBOLOGY OF INCONEL 617 SUBJECTED TO LASER PEENING

FOR 800°C HIGH TEMPERATURE NUCLEAR REACTOR APPLICATIONS®

7.1. Introduction

Increasing demand for electricity production, coupled with more conservative
regulations for clean and reliable energy have resulted in extensive research and
development in nuclear power production during the past decade. The Generation IV
International Forum has launched promising nuclear energy system concepts, seeking
more sustainable, reliable, and efficient power plants [95]. A VHTR and a HTGR are
among the selected candidates to operate at high outlet temperatures (above 750°C)
designed to reach 60-year operational lifespan [21]. Although He is an inert gas, it
inevitably contains impurities resulting in accelerated surface degradation for mechanical
components in coolant circulation systems [22]. Besides exposure to harsh VHTR and
HGTR environments, tribological parts in these reactors, in particular, undergo low speed
sliding (e.g., valves and control rods under intermittent oscillatory motion and often
combined with long idle times), or high frequency small vibratory condition (e.g., fretting
in heat exchanger joints). Accordingly, their contact behaviors are of vital importance in

maintaining reactor stability and operational integrity [14].

8 Reprinted with permission from “Helium tribology of Inconel 617 subjected to laser peening for high
temperature nuclear reactor applications” by Vasilis Tsigkis, Md Saifur Rahman, Lloyd Hackel, Keivan
Davami, Ali Beheshti, Andreas A. Polycarpou, 2022. Applied Surface Science, 577, 1-14, Copyright 2023
by Vasilis Tsigki.
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INC 617 (Ni-Cr-Co-Mo solid solution alloy) is the main structural candidate for
the construction of key components in VHTR/HTGR, due to its exceptional strength and
corrosion resistance [14,96]. Furthermore, the literature is abundant with studies showing
INC 617 to have superior oxidation and creep resistance, thermal fatigue performance,
and phase stability [97-105]. Comprehensive comparative HT tribological studies in He
and air environments were carried out on both alloys depicting that INC 617 outperforms
alloy 800HT, in terms of tribological performance [14,21,41,106]. Still, the tribological
studies of INC 617 at HT under nuclear reactor He environment showed high friction
[23,24]. It was revealed that the absence of a mitigating compacted, and stabilized oxide
layer leads to direct contact between metallic surfaces exposed to He environment
promoting high friction and accelerated surface degradation and wear. Also, under HT He
environment, INC 617 experiences a significant degradation of its mechanical properties

(i.e., modulus and hardness) [25] that can result in accelerated wear and higher friction.

Although the widely used engineering technique of surface coatings can be
developed to alleviate the friction and wear issues in reactor components, this should be
the last resort as it can introduce other complexities in the reactor systems that require very
high reliability and system integrity. This calls for a robust surface engineering technique
that can enhance the tribological behavior and potentially other mechanical properties
(e.g., creep and surface fatigue) and at the same time does not have regulatory concerns
(as compared to, for example, to coatings as separate materials). LP is among those robust
surface engineering techniques which induces high strain rate (up to 107 s!) plastic

deformation on the surface (and deep into the subsurface), by means of short duration laser
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pulses. Several mechanisms are in play during LP, for example the generation of high
density tangled dislocations, and beneficial phase transformations, which generally result
in high intensity compressive residual stresses, refined microstructures, and hardened
regions for various alloys. It should be noted, however, that the surface modification
benefit of LP is material dependent. For example, Kanjer et al. and Lavisse et al. reported
almost negligible hardening effects on titanium and its alloys [107-109]. For the material
studied here, there exists no report in the open literature on the effect of LP on INC 617
microstructure. Nonetheless, for superalloys with close microstructure to INC 617 such as
INC 625 and INC 718, previous studies showed that LP generates promising structural
modifications, compressive residual stresses and consequent hardening [110-113]. LP has
also been proven to enhance corrosion resistance, fatigue life, and fracture resistance of
INC 600 and INC 718 [114,115]. While the literature is abundant on the beneficial
contribution of LP on the tribological performance of metallic surfaces, for example
aluminum, magnesium, titanium and steel alloys [116-121], a few works are focused on
nickel-based alloys [122,123]. In addition, no report exists in the open literature on the

effect of LP on INC 617 friction and wear.

The successful implementation of LP in HT applications is, however, challenging
due to diminishing effect of LP because of thermal relaxations and microstructure
modifications at elevated temperatures manifested as defect annihilation and recovery,
grain boundary migration, phase coarsening, and phase dissolution [124-127]. The
relaxation of the LP induced stresses and microstructures at elevated temperatures is

driven by the material softening (thermal mechanism), and external and internal stresses
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of the material which induce plastic deformation (mechanical mechanism), or the
combination of both [124]. For nickel-based superalloy, however, LP showed relatively
good thermal stability and longer lasting effectiveness which makes it a potential for HT
applications [112,126,128]. Munther et al. showed that the combination of cyclic thermal
annealing and LP, called thermal microstructure engineered (TME) LP, substantially
increases the thermal stability of LP induced microstructure in additively manufactured
INC 718 after exposing the treated specimen to 600°C up to 350 hours. The repeated strain
input achieved through cyclic LP and intermittent heat treatments encouraged the
formation of y" and y" phases which contributed in stabilizing the microstructures induced

after the LP process [127].

The effects of LP on the tribological performance of several materials have been
studied in the literature [116,117,119,121], and a decreasing trend of both friction and
wear values of the treated specimens, compared to the as-received (untreated) specimens
was observed. Regarding HT applications, Tong et al. investigated the tribological
characteristics of LP specimens, by performing HT tribo-testing (up to 600°C) in an open
environment utilizing a titanium alloy (TC11). Their findings pointed towards a lower
degree of thermal softening of the LPed subsurface, which was able to maintain the
integrity of the superficial oxide tribo-layer, and lower friction and wear were reported
[129]. In spite of potential application of LP in enhancing the tribological behavior of
superalloys, there are no studies on their tribological performance especially at HT. Also,
the impact of LP+TME on friction and wear has yet to be explored, regardless of the

surrounding environment and temperature.
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In this chapter, the tribological behavior of INC 617 at an extreme temperature of
800°C under HTGR (99.999% He) environment following LP, and cyclic LP with
intervening TME was investigated. Also, we simulate thermal aging under reactor
conditions, by exposing the LP specimens in a HT (950°C) He environment to further
study of how LP and TME processes affect the surface microstructure and the

frictional/wear performance after aging.

7.2. Experimental
7.2.1. Materials and sample preparation

Disk specimens with dimensions of 25.4 x 25.4 x 15 mm as well as 19 mm long
hemispherically tipped pins with tip radius of 8.15 mm were machined from INC 617
plate, provided by Idaho National Laboratory (INL). The chemical composition of INC
617 is presented in Table 7.1. The high concentration of nickel and chromium provide
good oxidation resistance at HT, while chromium, cobalt, and molybdenum are the
hardening/strengthening agents, which are dissolved into the solution matrix. After the LP
and TME processes, the disks were polished down to 80 + 5 nm RMS roughness using a
sequence of 600, 800, 1200, and 2400 abrasive pads with a minimal layer removal. This
was also followed by polishing with a 3 um diamond suspension, and a final pass with a
0.05 pm colloidal silica. During the LP process and due to the very high local
temperatures, a thin recast layer is formed on the surface. Also, during TME (600°C in
air), the surface is subjected to some degree of oxidization. For example, Gill et al.
demonstrated that a recast layer of ~5 um in thickness was formed on the surface of INC

718, after the LP process without a protective layer [110]. Depending on LP process (laser
141



energy, cycles, etc.), CWST measurements after LP and LP+TME, showed oxide layer in
the range of 5 to 20 um for nickel-based superalloys. For consistency, in tribological tests
and to eliminate the effect of this LP process-based transient layer and its material and
topography, the samples LP-R and LP-TME were subjected to polishing, as explained
above. Commercial abrasive pad polishing is a standard procedure after LP process. The
samples were also sporadically examined during polishing, and the procedure was
terminated as soon as the surface oxides were completely removed and were not optically
visible on the surface. Also, optical microscopy was employed to further examine the
polished surface to ensure no recast/oxide layer was present. Here, the polishing removed
a layer thickness up to approximately 30 to 40 um. It should be added that samples
subjected to He aging were not polished following the aging process, however, they were

polished prior aging.

Table 7.1 Chemical composition of INC 617 provided by the manufacturer (units are in
wt.%). Reprinted with permission from [15].

Ni Cr Co Mo Al C Fe
53.27 22.02 11.91 9.38 1.1 0.08 1.46
Mn Si S Ti Cu B P
0.23 0.2 0.001 0.32 0.02 0.002 0.005

A schematic of the LP process is illustrated in Figure 7.1, wherein water was used
as a confinement medium. The LP process was performed without a protective coating.
However, the recast layer was removed with a very light polishing using 3M Scotch-Brite

after the process. Fresh INC 617 disks were subjected to the LP process with a beam
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irradiance of 7 GW/cm?. To achieve that, a 1056 nm flash pumped Nd glass laser was used
delivering 13 J per pulse on target. The spot size was 9 mm? square with 3% spot-to-spot
overlap providing true 100% coverage for each layer. Laser pulse duration of 18 ns (full
width half height) and 0.7 ns rise time were used. For preparation of regular LP specimens
(symbolized by LP-R), the INC 617 disks were subjected to a 4-layer LP without an
intervening TME or a post-treatment process. Regarding the LP annealed specimens (LP-
TME), a combination of LP and intervening thermal treatment was carried out.
Specifically, a sequence of 3 LP/TME processes was followed by a final LP, resulting in
4 LP events and 3 intervening TME surface treatments. Identical LP process parameters
were used compared to LP-R samples, and each intermittent TME was carried out at 600°C
(roughly 55% of material melting temperature, Tm) for 8 hours in air. The LP and TME
treatments were performed with state-of-the-art laser and robotic positioning systems
available at Curtiss Wright Surface Technologies (CWST), California, USA. Furthermore,
some of the LP-R, and LP-TME, as well as INC 617 specimens were subjected to post-
treatment thermal aging simulating HTGR/VHRT reactor environment, resulting in
additional sample types referred to as LP-A, LP-TME+A, and INC 617-A (aged INC 617

with no peening), respectively.
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Figure 7.1 Schematic representation of LP process. Reprinted with permission from [15].

In an effort to simulate long-time exposure of the tribological components under
HTGR/VHRT conditions, an aging process was implemented, following the LP and TME
treatments. In the present study, He with purity of 99.999% was used where the
concentration of the impurities, in parts per million (ppm), is as follows: Oz (1), H20 (1),
total hydrocarbons, i.e., CH4 (0.5), CO (1), CO2 (1), and N2 (5). These impurity levels are
similar to the cooling medium of VHTR [22]. To assure the minimum presence of oxygen
within the furnace, a vacuum/flashing protocol was used (see Ref. [130] for details).
Afterwards, the furnace was set to the target temperature of 950°C, with 6°C/min ramping
temperature, followed by constant temperature aging time of 10 hours. The samples were
then cooled down to ambient temperature with a rate of 1°C/min or less. A constant He
flow rate of 0.14 m®/hour was maintained during heating, aging, and cooling.

7.2.2. Experimental procedure
The experimental conditions are outlined in Table 7.2. Five different tribo-pairs

were selected to investigate the contribution of LP, TME and post processes (aging) on
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INC 617 tribological performance. All tribo-pairs were constituted of an untreated INC
617 pin vs. different sample types, namely INC 617, INC 617-A, LP-R, LP-TME, LP-A,
and LP-TME+A disks, and the resulting tribo-pairs are named as such for convenience.
To have a better comparison and to further understand the involved wear and friction
mechanisms, in addition to He environment, limited tribological tests were also performed
in air. The linear velocity was set to 0.4 m/s, with a 30-minute duration resulting in 72 m
sliding distance. The untreated INC 617 served as the baseline to gauge the effect of each
treatment on the tribological behavior of the tribo-pairs.

For the experiments under He environment, a vacuum-flashing protocol was used
to ensure minimum presence of contaminants within the chamber/jar, as detailed in Ref.
[41]. Thereafter, the furnace was heated up to 800°C. During the experiment, the pressure
was controlled at 0.1 + 0.02 psi (gage). After the end of the experiment, the samples were
let to cool in He with a continuous flow of 0.14 m3/hour. A minimum of three experiments

for each tribo-pair were carried out to assure repeatability.
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Table 7.2 Experimental conditions.

Reprinted with permission from [15].

Samples Load - -
: : T (Hertzian Sshcélen dg ;!S;Qge Ambient
Pin Disk pressure) P
INC 617 He
INC 617-
I He
LP-R™ He
e A eoorc | ONGET N gams | 72m
LP-TME a) He, Air
LP-A He, Air
LP- -
TME+A He, Air
“A: aged; “"R: regular peened with no TME or aging; " TME: thermally engineered

7.2.3. Characterization

Microhardness measurements were carried out using a Vickers microhardness
tester (Wilson TUKON 1102) to measure the surface hardness following the LP and TME
processes, and after aging. Investigation of the pin and disk worn surfaces following tribo-
testing was carried out with an Olympus DSX510 optical microscope. A JEOL JSM-
7500F SEM was employed to explore the topography of the unworn and worn areas of the
untreated and treated disks. Cross-sectional SEM and EDS analysis of the unworn and
worn surfaces were also performed to analyze the near surface oxide morphology and
elemental composition. Transmission Electron Microscopy (TEM, Fei Tecnai F-20) foils
were sectioned from the top (treated) surfaces through focused ion beam (FIB) milling.
The foils were approximately 10 um long and 5 um wide, encapsulating the upper affected
region of the material. A Dektak (Bruker) stylus profiler was used to measure the wear

rate of the disks.
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7.3. Results and discussion
7.3.1. Vickers hardness

Surface hardening is achieved by the high strain plastic deformation induced by
the laser pulses, which result in an increase in the dislocation density, the generation of
compressive stresses, and grain refinement [110,112,131]. The microhardness values of
the disk specimens are depicted in Figure 7.3. Note that the penetration depth was
maintained at 8-12 um in all specimens to assure that the hardness levels of the specimens
corresponded to the upper surface and well within the LP regions. It should be emphasized,
nevertheless, that LP can induce surface modifications which result in considerably
hardened regions. For instance, for INC 718, surface modifications more than ~ 500 pm
depth, was reported [110]. The untreated INC 617 features the lowest microhardness value
of 190 HV or 1.86 GPa. After 4 passes of LP the average surface microhardness
experiences a 62% increase resulting in 3.03 GPa, confirming a successful implementation
of LP in enhancing the microhardness of the treated sample (LP-R). The TME process
(LP-TME) results in an additional increase on the average surface microhardness (7% at
3.22 GPa), compared with LP-R. It is noted that the LP-TME sample was polished after
the LP+TME processes to remove any surface oxides formed when exposed at 600°C
during TME.

The effect of LP+TME process on the surface enhancements of INC 718 was
studied by Palma et al. and Munther et al. and was elucidated that the increase in hardness
is related to a combined effect of precipitation hardening and microstructure pinning effect

[127,132]. Generally, precipitation hardening of INC 617 is induced at temperatures of
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650 to 760°C, by y' and y" phases, respectively. With the current TME procedure (600°C-
8 hours), mild strengthening is expected, which is mainly attributed to the formation of
fine y' particles [132]. More importantly, it is shown that cyclic LP and the subsequent
plastic deformation can encourage the formation of y" phases at lower temperatures
(650°C), that will cause a further increase in the material’s hardness [127].

The LP specimens were also subjected to a post-aging thermal treatment of 950°C
for 10 hours in He. LP-A and LP-TME+A appear to have similar microhardness
enhancements, as LP-TME, showing after 10 hours of very HT aging, the LP effect was
still preserved. It should be noted, however, that the microhardness values of LP-A, and
LP-TME+A are also affected by superficial oxides (3-6 pum thick) following exposure at
950°C in He atmosphere (please see section 3.5 for cross-section EDS). Microhardness
measurements of untreated INC 617-A show that the surface oxides increase the
microhardness by 65%, compared to the unaged INC 617 specimen. Salari et al. measured
the nanohardness of surface oxides (mainly Cr.0s) formed on He aged INC 617 by
nanoindentation and reported high hardness values of 25 GPa at depth up to 200 nm [98].
Nevertheless, the indentations performed herein penetrated through the few microns-thick
oxide layer, targeting the subsurface and as a result the effect of generated hard oxides on
microhardness findings was reduced. The LP aged samples (LP-A, LP-TME+A)
demonstrate a 17% higher microhardness value than INC 617-A, thus the further increase
in hardness can be mostly attributed to LP and TME processes than the aging process. As
depicted in Figure 7.3, by exposing the specimens to the VHTR/HTGR environment

(950°C under He) for 10 hours, defect annihilation and thermal relaxation is prevented,
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and the microhardness values are retained. Note that the thermal stability of LP specimens
at long HT exposures does not fall into the scope of this study, nonetheless, to further
evaluate the microstructural stability of LP and LP+TME processes, longer thermal
exposure (60 hours) was performed followed by TEM imaging (see next section). It is,
however, noted that the current study focuses on the tribological behavior of INC 617

treated by LP under VHTR/HTGR environments.
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INC 617 INC617-A LP-R LP-TME LP-A LP-TME+A

Figure 7.2 Surface microhardness values measured by Vickers indentation of the as-
received disk specimens before HT sliding. Error bars designate + 1 standard deviation.
Reprinted with permission from [15].
7.3.2. TEM

LP and especially LP+TME processes provide enhanced microhardness results on
treated INC 617. In this section, TEM imaging was performed to evaluate the stability of
LP induced microstructures after long time HT exposure. Both LP and LP+TME samples

were subjected to 60-hour, 800°C exposure wherein subsequent TEM characterization was
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carried out. Investigation of the treated surface of the material subject to each of the
treatment schemes was carried out to discern relevant microstructural alterations known
to play a role in influencing surface-level mechanical properties. Following thermal
exposure and 4 subsequent layers of laser peening (LP-R sample), dense dislocation
networks are observed occupying the immediate sub-surface, to a depth of 1 um (Figure
7.4(a)). Above these dislocation networks, nanoscale subgrain structures are also found to
dominate the microstructural changes occurring in the uppermost plastically deformed
regions, occurring to a depth of 300 nm. The presence of subgrains is surmised to be a
result of cyclic LP wherein repeated strain facilitates the transformation of defect networks
into fine, subgrain structures [133]. With a buildup of sufficiently dense dislocations,
defect networks then begin to organize into low energy configurations, or subgrains, under
the influence of long-range stresses [134]. This mechanism has been proven to be
favorable for the deformed microstructure as it enables further work hardening effects by
impeding the motion of glissile dislocations.

Following LP+TME (Figure 7.4(b)), a similar microstructure is observed. Fine
surface-level subgrain is seen with dense, core dislocation networks directly underneath.
In this case, the presence of subgrain facilitates the effective “storage” of work hardening
effects at HT as defect structures are organized into lower-energy configurations,
promoting favorable microstructural and property modification retention when subjected
to elevated temperature [135]. Additionally, nanoscale precipitates are found to be
dispersed among surface-level subgrain networks providing another level of stabilization

and strength for the deformed microstructure of LP+TME samples. These particles behave
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as immobile barriers to the motion of strain-driven dislocation motion, and also pin the
barriers of newly formed subgrain structures, preventing subgrain coarsening. These
findings highlight the stability of the deformed microstructure and provide validity to the
LP+TME process and its ability to impart thermally stable microstructural modifications.
Typically, near complete defect annihilation would be expected through the use of
conventional LP processes, but the addition of cyclic LP and the inclusion of intermittent
thermal input promotes work hardening retention through the formation of subgrains and,
especially, the precipitation of favorable nanoscale precipitates by modifying their
precipitation kinetics. Application of thermal input following LP promotes the preferential
nucleation of precipitates along defect sites which acts to not only strengthen the material
matrix, but also provides an additional barrier against thermally activated dislocation

motion.
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Figure 7.3 TEM micrograph illustrating the microstructure of INC 617 subjected to (a)
LP and (b) LP+TME processes after 60-hour thermal exposure at 800°C. Reprinted with
permission from [15].
7.3.3. COF

Figure 7.5 shows the evolution of the coefficient of COF under He (Figure 7.5(a,
b)) as well as under air environments (Figure 7.5(d, e)) measured for several tribo-pairs
under examination. The corresponding average values (Figure 7.5(c, f)) are also
calculated from the data acquired during the last 40% of sliding distance to minimize
running-in effects. The error bars represent the standard deviation of the mean COF values
between repeated experiments. Tribo-pairs INC 617 and LP-R depict similar evolutions
of the COF and average values. Noting the error bars, it can be concluded that the effect
of LP on steady state HT COF is insignificant. However, LP+TME seems to slightly
reduce the COF. The untreated INC 617 was extensively studied by Rahman et al. (800°C,
He) and their tribological results are in accord with the present study [41]. INC 617-A
(aged in He) appears with high fluctuations in the in-situ COF which result in an average
COF value of 1.17. A complementary experiment was performed with INC 617 aged in
air (INC 617-A-Air) to investigate the effect of aging environment on the frictional
performance under He environment. It can be seen that during the first cycles of the
experiment the COF is low, followed by a rapid increase to a COF of 1.71, due to the
deterioration of the integrity of the pre-formed compact oxide layer and the subsequent
detachment from the surface. Both LP samples followed by aging process (LP-A, LP-
TME+A) feature a dramatic decrease in COF, after a running-in period of high friction

and high fluctuations for 25 and 15 m, respectively, resulting in 0.53 average COF value.
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LP and aging processes show a synergistic effect in the development of hard, well-
supported oxides at the interface, that enhances the frictional behavior. This is also
reinforced by the friction results of INC 617-A and INC 617-A-Air, showing that the aging

process alone is inadequate to provide strong surface oxides to reduce the COF.

Under ambient atmosphere (air) and at 800°C, LP-TME, and LP-TME+A,
experience an initial transition zone (running-in) for 10 and 5 m, before settling to a
constant state that results in average values of 0.44, and 0.47, respectively. INC 617 and
LP-A depict similar COF values of 0.47 and 0.44, respectively. It can be concluded that
operating under HT air environment provides sufficiently strong compact oxide to the
extent that it overshadows any enhancement by LP processes. It should be, however,

emphasized that INC 617 is aimed to operate under He environment.
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Figure 7.4 Evolution of COF with sliding distance in (a) and (b) He, and (d) and (e) air
environment at 800°C, and the corresponding average values (c), and (f), respectively [24].
Reprinted with permission from [15].
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7.3.4. Wear

Figure 7.6 shows 2D and 3D profilometric scans of the worn disks following tribo-
experiments under He and air environments. Both the width and the depth of the wear
track give a direct measurement of the wear and severity of the contact. INC 617, INC
617-A, and LP-TME specimens appear with a wear up to 50 pum in depth, while the
penetration depth of LP-R is 80 um. In sharp contrast, both LP aged disks, namely LP-A
and LP-TME+A exhibit maximum wear depths of less than 20 um as well as an indication
of material piled ups. Figure 7.6(b) captures the 3D topography of the disk specimens and
covers both the wear tracks and unworn areas. Accumulation of loose debris is evident on
the worn surface of INC 617 and INC 617-A, along with a wide wear track, similar to LP-
TME, whereas LP-R appears with a deep, yet narrow wear track. In agreement with the
friction data, however, LP-A and LP-TME+A feature low wear and the formation of high
peaks, which are identified as compacted islands of oxides, thereafter. Similarly, the disk
specimens tested under air exhibit minute wear, and the wear tracks are mostly covered
by surface oxides (see Figure 7.6(c)). It can be postulated that regardless of the surface
treatment, the disk specimens are favorable in developing an oxide tribo-layer when
exposed to HT air, which results in low friction and wear, however, it is not the case in He

environment where only combined LP and aging process results in stable surface oxide.
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Figure 7.5 Typical (a) 2D, (b) 3D wear scans (5 x 2.5 mm area and -100 to 100 um vertical
range) of disk specimens following HT sliding in He, and (c) 2D scans after HT sliding in
air. Reprinted with permission from [15].

Figure 7.7 illustrates the corresponding wear rates of the disk samples under He
atmosphere. The worn volumes are approximated from multiple profilometric wear scans
performed perpendicular to the wear track on each disk to obtain the average value, and
the wear rates are calculated as described in Ref. [136]. As expected from wear track
profilometry (Figure 7.6), the LP-A and LP-TME+A samples feature the lowest amount
of wear followed by INC 617-A and LP-R. INC 617 and LP-TME possess the highest
wear rate values among the specimens under examination. Given the erratic nature of HT
wear and the error bars, we can conclude that INC 617-A, and LP-R, INC 617 and LP-
TME wear in a similar fashion. Nonetheless, significant wear reduction for aged LP and

LP-TME samples is evident. Tribo-testing under air, results in negative wear rate values,
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as illustrated in Figure 7.7(b) showing that oxidation overshadows material loss due to
wear. The highest amount of material gain occurred on INC 617, followed by LP-TME.
LP-A and LP-TME+A experience the lowest amount of surface oxidation during tribo-

testing.

Figure 7.7(c, d) summarize the tribological performance of each tribo-pair under
He and air, in a cumulative COF vs. wear rate plot, respectively. Under He environment,
the results are scattered around low COF/low wear, high COF/high wear, and moderate
regions. The experiments with INC 617, LP-R, and LP-TME fall into the high COF/high
wear region with average COF values around 1.5, and a maximum wear rate of 9.42x1073
mm3Nm, corresponding to LP-TME. However, the experiments with the LP aged
specimens, namely LP-A, and LP-TME+A experience low COF/low wear values, of 0.53,
0.65, and 2.61x107%, 0.8x10 mm3/Nm, respectively. The tribological performance of the
untreated aged sample (INC 617-A) falls into the moderate region, with an average COF
value of 1.17 and wear rate at 6.8x10° mm?®Nm, but still higher friction and wear is

observed compared to LP-A, and LP-TME+A samples.
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Figure 7.6 Wear rates of the disks following tribo-testing in (a) He and (b) air
environment. Average COF vs. wear graphs after tribo-testing in (c) He and (d) air
environment. Reprinted with permission from [15].
7.3.5. Surface SEM analysis

SEM micrographs of the unworn and worn surfaces of the disks after tribo-
experiments in He are shown in Figure 7.8. The orange arrows on the images of the worn
areas shown on the right-hand side indicate the sliding direction of the counter-surface.

The left-hand side of Figure 7.8 presents the morphology of the surface oxides developed

on the matrix of the untreated and treated INC 617 disks following tribo-testing in 800°C
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He environment. The magnified images are shown on the sides of Figure 7.8. Table 7.3
details the elemental composition of the surface of both the unworn and worn regions of
most of the disk specimens under examination. Despite the minute presence of oxygen-
containing groups (O2, H20, CO, CO.) within the testing chamber and the aging furnace,
it is sufficient to promote the formation of different types of superficial metal oxides on
all specimens as reported in Refs. [23,24,41]. Note that the HT tribo-testing for 30 minutes
at 800°C in He, can be considered as a short-time aging process, during which fast
oxidation Kinetics encourage the reactivity of surface atoms with the surrounding
atmosphere. The INC 617 matrix appears full of uniformly distributed surface oxide
particles. The unworn surface of LP-R shows similar surface oxide particles, as INC 617,
with a diameter of less than 500 nm, but finer oxides are also observed in between (gray
regions), thus the overall surface oxidation is reduced by the LP process, as also supported
by previous studies (e.g., see Ref. [137]). The virgin area of LP-TME appears with larger
oxides of around 1 pm in diameter and with a marginal increased percentage of surface
oxidation, compared to LP-R. Furthermore, the unworn surface of the aged specimens,
namely LP-A, and LP-TME+A feature homogeneous distribution of nodular-like oxides,
where several oxides are merged forming long and continuous ridges along the grain
boundaries (indicated with white arrows). Comparing the elemental composition of the
LP aged specimens (LP-A, LP-TME+A) with the unaged ones (LP-R, LP-TME) of Table
7.3, it can be inferred that the surface of the specimens that underwent aging process was
mainly covered by Cr-oxide, whereas a Ni-Cr-O mixed oxide layer appears on the unaged

specimens. Also, the amount of O found on LP-A, and LP-TME+A specimens is
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significantly higher than the amount of the unaged ones due to adequate surface oxidation

that was promoted during the aging process.

Investigating the morphology of the worn areas allows correlations with the
frictional and wear performance of the tribo-pairs. INC 617, LP-R, and LP-TME, depict
similar wear modes, namely oxidative adhesion, and delamination. Deformed surface
oxides are evident on the wear tracks of both specimens, without any indication of
agglomeration. LP-R features the smallest amount of oxide particles, in accord with the
quantitative analysis shown in Table 7.3. On the other hand, compacted oxide tribo-layers
are found on the wear tracks of the aged samples (LP-A, LP-TME+A), and are identified
as Ni-Cr-O mixed oxides. The accumulation and compaction of surface oxide particles
result in a significantly higher amount of oxygen in these regions, which are characterized
as islands of oxides. Such thick glazed oxides that evidently are further stabilized by the
LP process provide an excellent protective layer with lubricating characteristics that
results in low COF and wear [21,96]. Furthermore, the running-in period of the aged tribo-
pairs, seen in Figure 7.5(a), describes the time needed for the compacted glazed oxides to
be generated, until a constant zone is reached. In fact, some of the surface oxides are
removed from the interface as loose debris, but more importantly some others undergone
a shearing, compaction, and accumulation, and thus developing stabilized and strong oxide
layers and islands. Longer running-in time for LP-A than LP-TME+A, indicates that more
surface material was purged out, until compacted oxide layers were generated. Therefore,

the wear rate of LP-A is higher than LP-TME+A as shown in Figure 7.7.
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The pre-oxidation (aging) process contributes to the subsequent development of
compacted surface oxides within the contact region during sliding, which results in
enhanced tribological performance. As discussed, experiments following LP, LP+TME,
and post aging processes were performed (e.g., see Figure 7.5) in an effort to further
understand the contribution of each surface and thermal treatments on the tribological
response of the tribo-pairs. A synergistic effect of the two surface treatment techniques,
namely LP, and aging takes place herein, and eventually strong, well-supported compacted
oxide layers are formed during sliding, significantly mitigating friction and wear (LP-A,
LP-TME+A). The aging process by itself does not result in measurable tribological
enhancements as poor tribological performance is observed for tribo-pair INC 617-A.
Also, in a similar study on untreated aged alloy 800HT, high friction and wear values were
observed due to the inadequateness of strong, well-supported oxides to be sustained at the
interface [130]. It can be hypothesized that the load bearing capability of the subsurface is
poor, due to thermal softening at HT, and the plastic deformation of the untreated

subsurface induces delamination and removal of the surface oxides [138].

Herein, the LP process induces compressive residual stresses, plastic deformation,
defects, and fine grains, resulting in an enhanced surface/subsurface structure, which is
retained even after aging the specimens at 950°C (LP-A, LP-TME+A), as seen in Figure
7.3. As the LP process alleviates a degree of thermal softening of the subsurface, it is able
to support the integrity of the superficial oxide tribo-layers, which provide low friction
and wear [129]. Another influencing mechanism could be a stronger interfacial bond

between the oxide and substrate promoted by the strengthening effect of the LP process.
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Interfacial bond improvement is also reported by Kanjer et al. and Lavisse et al. [107—
109] for titanium alloys. They concluded that LP could enhance the adherence of surface
oxides by the formation of an intermediate nitride layer on titanium and titanium-based
substrates following thermal aging (oxidation) in air environment. While interfacial bond
improvement can be also a contributing factor in the current observation, intermediate
nitride layer formation cannot be concluded as the aging process and the tribological tests
were all carried out in an impure (99.999%) He environment. The chemical composition
of the sample also does not show significant amount of N. Rather, here, the stronger
interfacial bond is attributed to the microstructural improvements by LP process. In
addition to LP process itself, the aging provides the surface with adequate pre-oxidation
(Table 7.3), in which during sliding surface oxide layers and bulky oxide islands are
formed, supported by the LP treated subsurface. Therefore, low COF and wear values are
observed. Also, the wear resistance of the LP subsurface is enhanced [117,118,121] and
the hard oxide particles are more likely to remain at the interface and form oxide layers,

instead of plowing on the contacting surface.

162



Unworn area Worn area

Oxide island




Figure 7.7 SEM images of the unworn and worn surfaces of (a) INC 617, (b) LP-R, (c)
LP-TME, (d) LP-A, and (e¢) LP-TME+A after the tribological experiments in He.
Magnified images are shown on the sides of the figure. Orange arrows represent the sliding
direction of the counter-surface. Reprinted with permission from [15].

Table 7.3 Chemical composition of INC 617 provided by the manufacturer (units are in
wt.%). Reprinted with permission from [15].

Elements (at%) O Al Ti Cr Fe Co Ni Mo

INC 617 504 | 27 | 03 | 144 | 08 | 53 | 232 | 29

8 LP-R 451 | 31 | 04 [152| 1 | 59 | 258 | 36

g LP-TME 495 | 21 | 05 | 148 | 08 | 53 | 243 | 28

§ LP-A 712 | 03 | 08 | 267 ] 02 | 02 | 06 | 007

LP-TME+A 661 | 02 | 1 [303| 03|03 | 16 | 02

INC 617 4321 19 | 02 | 155 | 09 | 64 | 287 | 3.2

o LP-R 258 | 1.7 | 04 | 189 | 1.6 | 86 | 39.3 | 43

< LP-TME 358 | 1.8 | 03 | 163 | 1.1 | 75 | 335 | 3.7

g LP-A 505 | 0.7 | 0.3 | 136 | 0.7 | 47 | 186 | 1.9
LP-TME+A 665| 1 | 03 | 16 | 06 | 29 |11.7| 1

7.3.6. Optical microscopy — Air environment

The same tribo-testing was repeated for the LP tribo-pairs by changing the
environment to ambient air, so the effect of the atmosphere on the tribological
performance can be further explored. Figure 7.8 shows microscopic images of the worn
regions of LP-TME, LP-A, and LP-TME+A disk and pin specimens, following sliding in
air environment. It is apparent that surface oxides are respectively generated along the
wear tracks and the wear scars of all disks and pins resulting in low COF and wear values.

LP-TME (Figure 7.8(a)) demonstrates well-developed and more compacted oxide layers,
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compared to LP-A (Figure 7.8(b)), and LP-TME+A (Figure 7.8(c)) disks. This is in
accord with the longer running-in time of the former, whereas LP-A, and LP-TME+A
appear with almost a constant COF from the beginning of the experiment, as shown in
Figure 7.4(b). Also, the wear scars of all pins appear to be mostly covered by a thick oxide
layer. Several studies were carried out investigating the tribological behavior of metal
alloys sliding in HT open environment. It is widely understood that the tribological
performance is mainly driven by the oxidation of the rubbing surfaces, that is inevitably
taking place in ambient air at HT [139]. In fact, the open environment gives a plethora of
oxygen-containing sites that during sliding, tribo-chemical interactions are taking place at
the interface, and new fresh oxides are formed continuously replacing the worn ones [23].
This is more pronounced during HT sliding in air, since in He the concentration of O-
containing groups in the surrounding atmosphere is significantly lower, and tribo-
chemical interactions are much slower, which hinders the formation of new oxides. This
is also in line with the wear rate results shown in Figure 7.76b), wherein significant
surface oxidation resulted in “negative wear,” or material gain in all disk specimens tested
in ambient environment. As stated earlier, regardless of the surface modifications and
post-aging processes on INC 617, enhanced tribological characteristics prevail in HT air,

attributed to different surface oxides, mainly Cr203 [23,24,41].
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Figure 7.8 Optical microscopic images of the worn disks and pins of (a) LP-TME, (b) LP-
A, and (c) LP-TME+A after sliding in air. Reprinted with permission from [15].
7.3.7. Cross section SEM/EDS — He environment

Figure 7.9 presents the cross-section EDS mapping of the unworn areas of the LP
disk specimens, namely LP-R, LP-TME, LP-A, and LP-TME+A after the tribo-
experiments in He atmosphere. Figure 7.9(a) depicts that the main elements were evenly
distributed along the thickness of LP-R. The cross-section EDS mapping of LP-TME
shows higher surface and subsurface oxidation with a partition of Cr, and Al respectively
(Figure 7.9(b)). On the contrary, both aged samples, namely LP-A, and LP-TME+A

appear with a superficial dense oxide layer of thickness around 6, and 3 pm, as shown in

166



Figure 7.9(c, d), respectively. The thickness of the surface oxide also shows that our
microhardness test depth was sufficient to penetrate deep into the materials reducing oxide
effects. Figure 7.9(c, d) reveal the surface oxides to be predominantly Cr-oxides with a
partition of Mn, and the presence of subsurface oxides of Al. Cr-rich surface oxides are
formed on the surface of INC 617 during HT aging in He atmosphere [14,21,23,24,41].
Rahman et. al. investigated the surface of INC 617 aged in He for 100 hours via XRD, and
identified the surface oxides to be mainly composed of Cr203, and (Ni/Mn)Cr204 [23].
Also, Al is found below the surface oxide suggesting that O is diffused into the matrix and
reacts with Al, as also reported in Refs. [24,140].

Figure 7.10 maps the elements found on the cross-section of the worn regions of
the disk specimens following tribo-sliding under He atmosphere. The topmost layers of
LP-R had a marginal increase in the amount of O, and the main elements are evenly
distributed within the subsurface, as shown in Figure 7.10(a). Figure 7.10(b)
demonstrates that LP-TME experiences a higher concentration of O at the topmost layer,
where a uniform oxide layer is observed. The amount of surface oxidation on LP-R, and
LP-TME disk specimens is not adequate to promote the development of compacted oxide
glazes at the interface, hence, a high COF and wear values are observed. On the other
hand, the worn area of LP-A appears with a Cr-rich oxide layer, around 6 um thick with
an apparent subsurface Al oxidation, as shown in Figure 7.10(c).

During HT sliding, the pre-formed surface oxide particles are merged under
pressure by compaction and maintained on the surface. More importantly, the superficial

oxides, supported by the LP subsurface, develop bulky islands of oxides, of 40 um thick,
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which provided excellent lubrication at the interface with low COF and wear values. To
further examine the strengthening effect of the islands of compacted oxides, Vickers
microhardness measurements were taken targeting selected areas. The microhardness
results ranged from 3.5 to 7.5 GPa, with a corresponding penetration depth of 6.3 to 3.4
um. Such high hardness makes them highly durable during sliding, terminating further
wear and maintaining low COF. Similarly, LP-TME+A appeared with mainly Cr-oxide
on the surface and Al-oxide underneath. Again, islands of oxides up to 80 pm thick formed
at the sliding interface, and efficiently separated the 2 metallic surfaces where a favorable
tribological response was observed. The microhardness values ranged from 3.7 to 7.8 GPa,

with maximum indentation depths of 5.5 and 3.8 pm, respectively.
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Figure 7.9 Cross-section SEM images and EDS maps of the unworn areas (matrix) after
HT tribo-testing in He of (a) LP-R, (b) LP-TME, (c) LP-A, and (d) LP-TME+A. Reprinted
with permission from [15].
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Figure 7.10 Cross-section SEM images and EDS maps of the worn areas after HT tribo-
testing in He of (a) LP-R, (b) LP-TME, (c) LP-A, and (d) LP-TME+A. Reprinted with
permission from [15].
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7.4. Summary

In this chapter the effect of surface modifications, namely LP, TME and post-
treatment aging on the tribological performance of INC 617 in HTGR/VHTR (He) and air
environments investigated. The following conclusions can be drawn:

e The LP process itself increases the surface microhardness by 62%, whereas the
TME process adds a marginal increase on the average microhardness, due to the
additional effect of precipitation hardening. After the aging process (950°C-10
hours) relaxation and annihilation of the LP-induced stresses and microstructure
are prevented as evident by relatively preserved hardness values. This is also
supported by the stabilized microstructure captured through TEM imaging after 60
hours of thermal exposure.

e LP-A and LP-TME+A depicted excellent tribological behavior under impure He
environment due to the high amount of pre-oxidation and the supportive role of
the LP surface and subsurface to stabilized surface oxides, in contrast with INC
617-A.

e Tribo-testing in HT air environment diminished the effect of surface modifications
since adequate continuous surface oxidation at the sliding interface results in low
friction and wear overshadowing any other enhancement, if any.

e The findings of this work show that a post-treatment aging process can be coupled
with a pre-treatment LP process on the HT superalloy, namely INC 617 to enhance
the tribo-response of mechanical components in HT He applications (i.e.,

VHTR/HTGR). However, the underlying mechanism involved in the process
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needs to be comprehensively studied in future works to enhance and optimize the
process and to pave the way for effective commercialization of the LP process for
HT nuclear reactor components under tribological and potentially tribo-corrosive

environments.

This chapter concludes the study on a state-of-the-art surface hardening technique that can
be implemented on a Ni-based alloy material used in key components of nuclear reactors.
The next chapter introduces a novel additive for realizing superlubricity in practical

engineering tribological applications.
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8. REALIZING MACRO-SUPERLUBRICITY USING ENCAPSULATED PHASE-

CHANGE MATERIALS

8.1. Introduction

Macroscopic friction and wear of tribological parts such as pumps, seals, gears,
and bearing systems induce material losses and unwanted energy waste that can put the
operation of major systems at risk due to malfunction and dimensional discrepancies of
key components. Scientists have been implementing different ways to reduce friction and
wear between tribological parts by developing advanced materials with enhanced
lubricating properties, such as polymer composites [141]. Polymers, leveraged by their
unique chemical configuration, outperform metallic and ceramic materials in terms of
chemical inertness and structural stability during thermal shocks. Polymers are also
lightweight, which makes them attractive for the automotive and aviation industries [142].
However, in their bulk form they suffer from high thermal expansion coefficient, low
creep strength, and poor load-bearing capacity. These unfavorable intrinsic characteristics
are mitigated by the use of thin polymer coatings (10’s of micrometer thick) covering
metallic structural parts, wherein heat dissipation and high load-carrying capability is
achieved [143]. In particular, metallic substrates can accommodate high bearing loads by
providing structural support to the coatings, and the generated frictional heat, or the
temperature from the surrounding environment can be dissipated away from the coating
through the metallic substrate [143]. Despite the fact the mechanical and thermal

performance can be enhanced by the utilization of thin coatings, the tribological properties
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remain poor. Therefore, the use of compounding polymers, or additives with intrinsic
lubricating properties is of paramount importance in tribological and bearing applications
[144].

Different types of additives have been introduced into polymeric matrices, for
example nanoparticles, nanofibers [145,146] and various solid lubricants such as graphite,
graphene, MoS; and PTFE [16,147-149] to enhance the tribological performance by
lubricating the interface. PTFE additive is being widely used by researchers and in
industry as a commercial low-friction solid lubricant due to the ease of sliding between its
polymeric chains [150]. PTFE can serve as an additive into different polymeric matrices,
for instance polyether ether ketone (PEEK), wherein it enhances the tribological response
of the composite, compared to unfilled PEEK [151,152]. The polymeric matrix plays a
vital role in tuning the wear performance of the composite; therefore a “suitable” selection
should be made. It was demonstrated that ATSP provides an accommodative matrix to
PTFE. ATSP/PTFE compounding coatings were investigated in an extreme range of
temperatures in a self-mate (coating-on-coating) contact configuration, from RT to 300°C.
The reported steady-state COF values varied from 0.15 at RT to 0.08 at 300°C. The tested
tribo-pairs depicted favorable wear resistance, manifested as “zero wear” under the tested
conditions [149]. Therefore, ATSP/PTFE blend is a good material combination wherein
ATSP provides structural integrity and controls the wear, and PTFE lowers the friction.
However, to further reduce the COF at both RT and HT conditions (i.e., up to 200°C),

novel additives or super-lubricative liquids could be added.
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Ultra-low friction, or superlubricity (COF < 0.01), is achieved by sufficiently
separating the two sliding surfaces with liquid molecules (hydrodynamic lubrication). For
example, Raviv et al. developed polymer brushes that were attached onto the rubbing
surfaces via an aqueous medium and yielded a COF of 0.0006-0.001 [153]. Also, ceramic
materials like SiC and SisN4 were self-tested in water and resulted in super-low COF
[154]. Zhou et al. reported COF values in the range of 0.01 to 0.02 for SiC and SisN4 balls
sliding against a-CNx coatings in water [155]. Glycerol-based lubricants were added to
steel and ta-C self-mate tribo-systems and tested at 25 and 80°C, yielding COF values up
t0 0.025 and 0.01, respectively [156]. However, in numerous applications, i.e., in the space
industry the use of liquid lubricants is infeasible [157]. Therefore, solid lubricants should
be used to deliver adequate lubrication at the interface.

Superlubricity under dry conditions is more complex, and in the nano or micro
level it is achieved via an incommensurability phenomenon, wherein the orientation of the
surface lattice of one of the contacting surfaces is misaligned with respect to the
corresponding lattice of the other surface, thereby preventing the interlocking of atoms
and stick-slip phenomena, and an ultra-low frictional force is generated [26]. This is also
called structural lubricity, and the concept of a theoretically zero friction (practically COF
< 0.01) was proposed by Hirano and Shinjo [158]. Superlubricity was realized by Erdemir
et al. a:C-H DLC coatings prepared by plasma assisted CVD under a dry nitrogen
environment, yielding a COF of 0.002 [159]. MoS; coatings were also tested against steel
under high vacuum and the generated COF of 0.001 was attributed to the easy-to-slide of

its basal plane and a favorable orientation disorder resulted from sliding [160]. The
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interpretation of the superlubricity in the above studies was based on lubricating
mechanisms at the micro/nano level. However, realizing superlubricity at the macro level
is intricate due to the presence of structural defects, therefore the incommensurability
phenomenon is very challenging to be achieved. To that end, the literature is sparse and
the studies are limited to obtainable superlubricity under nano and micro-scale normal
forces, by developing advanced materials in the macro level, of few cm characteristic
dimensions [27]. For example, Zhang et al. reported pioneered superlubricity on
macroscale surfaces under ambient environment, by introducing graphene-based coated
surfaces, i.e., plates, and microspheres that resulted in an ultra-low COF of 0.006 after
sliding under 35 mN and 0.2 mm/s [27]. Also, Berman et. al. generated superlubricity in
engineering-scale conditions by invoking carbon-based exotic materials (i.e., graphene,
nanodiamond), with the working lubricating mechanism being applied in the nanoscale,
uncoupled with computational simulations [28].

While the above state-of-the-art studies realized superlubricity and the
corresponding materials can be applied in macro-level surfaces, their more prominent
utilization in tribological applications will require higher, engineer-bearing capacities and
simplicity of synthesis, therefore low fabrication cost for mass production. Furthermore,
frictional surfaces are often subjected to higher temperatures, either due to the generation
of frictional heat under high-speed applications, or their presence in HT environments.
Superlubricity at HTs, for example up to 200°C, is yet to be explored and the realization
of such will pave the way towards the development of novel materials with additives

operating at non-generic conditions.
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The use of MPCMs is a technology where the core material is enclosed within a
surrounding shell, which acts as a protective agent that monitors the release of the core
material. The mechanism of encapsulation of lubricating agents is not new, and many
researchers have been studying the effect of encapsulated ionic liquids (ILs) and waxes on
enhancing the tribological behavior of polymer composites [140,161]. However, the use
of phase-change materials (PCMs) as a friction reducer agent is novel, yet the lubricating
mechanism of MPCM is simple; the polymeric shell provides structural stability and
thermal protection to the core PCM material. Above a critical applied pressure, the shell
brakes open and releases the lubricating PCM (mechanical stimulus) at the interface.
Also, the PCM undergoes a phase transition from solid to liquid in an endothermic process
wherein it absorbs heat from the environment, or the frictional heat generated from sliding
contact (thermal stimulus). In a previous work, it was demonstrated that ATSP + MPCM
blends generate ultra-low COF (0.05) at high sliding speeds of 1 m/s under ambient
temperature [162].

In this chapter, a systematic study towards realizing superlubricity at the
macroscopic scale for practical engineering applications up to 200°C was carried out. The
surface of structural steel was modified with ATSP + MPCM composite coating deposited
by conventional electrostatic powder spraying (EPS) process. The tunability of the
generated COF was systematically examined via cyclic temperature, short-duration
experiments to expand the applicability of the coatings for smart surfaces and
multifunctional structures. The durability of the coatings was also examined via prolonged

sliding until failure, manifested as a rapid increase in the in-situ COF.
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8.2. Experimental
8.2.1. Materials and sample preparation

To synthesize ATSP resins, two aromatic copolyester systems, namely CB2 and
AB2, were crosslinked to form CB2AB2 oligomer system. CB2 and AB2 are decorated
with carboxylic acid and acetoxy functional end groups, respectively. During curing, CB2
and AB2 end groups react and the crosslinked aromatic polyester backbone along with
acetic acids by-products are generated. Detailed synthesis method of the oligomers is

described in Ref. [163]. The CB2 and AB2 oligomers were then ground and sieved into

fine particles of a maximum 90 um size. ATSP powder was blended with 10 wt% MPCM
additive. The MPCM additive was purchased from Mikrotek Laboratories, Inc and is

identified as Nextek®43D, with a melamine-based wall and paraffin-based core materials.

The exact composition of the MPCM is in the proprietary position of the vendor. The 43D
designation corresponds to the melting temperature of the core PCM, that is 43 + 2°C,
while the polymeric shell provides thermal stability during curing. The blended powder
was directly sprayed onto the sandblasted 52100 square steel plate disks (25.4 mm x 25.4
mm) using EPS. The coated samples were then cured at 245°C for 15 min in a conventional
oven, which resulted in the ATSP + MPCM coating. The same procedure was used to
prepare neat ATSP, without adding MPCM into the mixture. Note that the standard cure
temperature of ATSP coatings is 270°C (and 1 hr), however, as per vendor’s
recommendation ATSP and MPCM blends should be partially cured to tailor the activation
of MPCM and subsequently generate optimum tribological performance. The pins were

machined out of a 5.2 mm in diameter 52100 steel rod into 6 mm long cylinders with
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round edges of 0.1 mm radius of curvature and a final flat contact of 5 mm diameter. The
pins were hand-polished on a Buehler polishing machine using a sequential pass of 600,
800, and 1200 grit size, followed by a final pass of cloth under colloidal silica suspension
until the RMS roughness was 0.0727 + 0.005 pum.
8.2.2. Experimental procedure

A commercial tribometer (Rtec, MFT 5000), was used to perform the flat, pin-on-
disk experiments. The setup involved a rotary platform that spins the disk while a fixed
pin holder applies load on top of the sample. This pin holder is able to apply equal load on
the sample due to the horseshoe-shaped self-alignment holder, which allows for a plane
contact configuration. The pin holder is connected to a load cell with a maximum capacity
of 220 N normal force. Table 8.1 outlines the parameters and tribopairs of pins and disks
for the experiments. The only parameters changing throughout the experiments are the
environmental temperature and duration. Two different tribopairs were subjected to
tribological testing under RT, 100, and 200°C environments. The application of 20 N
normal force generated 1 MPa nominal contact pressure, while a sliding speed of 0.25 m/s
was calculated based on a test radius of 7 mm and 340 revolutions per minute. Multiple
tests were conducted using identical experimental parameters to ensure repeatability.
Before each test the samples were cleaned with isopropyl alcohol in an ultrasonic bath for
10 min, then dried with hot air. For the temperature testing at 100°C and 200°C, an in-
built furnace was used, with a maximum temperature of 1000°C. Each temperature test

was allowed five min of heating once the desired temperature of the furnace was reached
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and stabilized, to allow for the samples to achieve thermal equilibrium with the

environment.

Table 8.1 List of tribo-pairs and experimental parameters.

Tribo-pair T Load, Speed :
Study (flat pin vs. disk) (°O) (Pressure) | (m/s) Duration
52100 steel vs. RT
Effect of neat ATSP .
temperature 30 min
52100 steel vs.
ATSP + MPCM RT, 100, 200
RT—100—RT 20 N, 0.25
Tunabilit 52100 steel vs. —100 1 MPa ' 10 min at
Y | ATSP+MPCM | RT—200—RT each step
—200
Until
- 52100 steel vs. .
Durability ATSP + MPCM RT, 100, 200 MPCM is
depleted

Tunability testing was designed to test how well the COF can be monitored via
external thermal stimulus and whether this is a reversible process. This was done by
running short, cyclic tests at RT for 10 minutes, then ramping the temperature up to either
100 or 200°C while the samples were idle, and then running for 10 minutes. This cycle
was performed twice for each tribo-pair, resulting in a total runtime of 40 minutes. The
durability testing involved prolonged running of the ATSP + MPCM disks against the
52100 steel pins at RT, 100, and 200°C. This was to test how long the MPCM within the

ATSP matrix would provide lubrication before its complete consumption and the
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subsequent increase in the COF. For the RT tests, the contact temperature was routinely
measured via an infrared (IR) thermometer during the experiment.
8.2.3. Characterization

A Dektak (Bruker) contact profiler was used to measure the 3D topography of the
as-received neat ATSP and ATSP+MPCM specimens with a 12 pum tip radius. Multiple
2D line scans were performed to measure the wear rate of the disks, as described in Ref.
[7]. The diameter of the MPCM capsules was measured via optical microscopy using a
DSX (Olympus) microscope by dispersing the MPCM particles on a double-face carbon
tape. A Tescan FERA-3 model GMH SEM was used to monitor the morphology of the
worn areas of the coated disk specimens. The samples were sputtered with a 5 nm
palladium and platinum to enhance the electrical conductivity of the samples and to avoid
charging effects. The SEM images were acquired using 5 kV acceleration voltages.

A Bruker TI Premier® nanomechanical instrument was used for measuring the

nanomechanical properties of neat ATSP and MPCM capsules. The nanoindenter is
equipped with a standard transducer which is able for 100 uN to 10 mN normal force
indentations. A Berkovich diamond indenter with a tip radius of 320 nm was used to
determine the H and E; of the samples. The nanoindentations were performed at room
temperature following the loading/ unloading curve of Figure 8.1, with linear loading and
unloading at the peak load in 5 sec and hold time 2 sec to reduce creep effects. Note that
several indents at different locations with varying loads were performed on each sample
to assure homogeneity and therefore consistency of the calculated nanomechanical
properties. As for measuring the nanomechanical properties of the MPCM, the
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indentations were directed on single isolated capsules exposed on the surface of ATSP+
MPCM composite (and not on free-standing capsules), allowing replication during actual

operating conditions where the MPCM is supported by the matrix.

Hold time:

Load

Engaging

Time

Figure 8.1 Nanoindentation loading/unloading curve versus time.

The Oliver-Pharr method was used to calculate H and E; of the samples [93].

According to the method the h¢ of nanoindentation can be calculated from Eq. (1),

Pmax

he = Mgz — € 2 (1)
where Pmax, hmax, and S represent the maximum load, maximum displacement, and initial
slope of the unloading section of the load-displacement curve, respectively. For Berkovich
indenters, ¢ = 0.72. Using a predetermined areal calibration on a standard fused quartz, Ac
was calculated from hc. After that, H and E; were determined using Egs. (2) and (3),

respectively,

Pmax
__ Vms
E, = 2. /A, (3)
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8.3. Results and discussion
8.3.1. Surface parameters

Figure 8.1 shows the surface topography of neat ATSP and ATSP + MPCM
samples in a 3D representation of a 1 mm x 1 mm area on the samples. The neat ATSP
sample appeared relatively smooth, with occasional hills and valleys caused by the
deposition process. In comparison, the ATSP + MPCM shows high peaks and deep
valleys. These peaks are caused by MPCM accumulation, which are spheres mixed within
the ATSP powder during the coating process, as shown in the optical images of Figure

8.3(a, b).

a) Neat ATSP b) ATSP + MPCM

25pm

-25pm

Figure 8.2 3D representation (1 mm x 1 mm) of (a) neat ATSP and (b) ATSP + MPCM
samples.
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Figure 8.3 Optical microscopic images of (a) neat ATSP, (b) ATSP + MPCM, and (c)
MPCM capsules.

Table 8.2 Surface parameters of the samples measured via contact profilometry of 1 mm
x 1 mmarea.

Roughness

parameters Sa (um) | Sq (um) | Ssk Sku Sp (um) | Sv (um)

Neat ATSP 2.69 3.36 -0.16 3.04 10.32 -11.97
ATSP+MPCM 35 4.48 0.26 4.38 18.23 -21.89

Table 8.2 lists some of the surface parameters of the two samples. The neat ATSP
showed a lower average absolute roughness (Sa) and a lower RMS roughness (Sqg) than
the ATSP + MPCM sample. Typically, a lower surface roughness would provide a lower
COF and shorter running-in periods, however the peaks on ATSP + MPCM are lubricating
“reserves” which during sliding are subjected to shearing and the capsules breaking open
and release the PCM lubricant, allowing for the reduction in the generated friction force.
Also, a negative skewness (Ssk) was observed for neat ATSP, demonstrating a higher
average depth of the valleys than the average high of the peaks, in contrast with ATSP +
MPCM which a positive Ssk was seen due to the high peaks of accumulated MPCM. The
kurtosis (Sku) measures the peakedness of the height distribution of profile shape, and a
value of Sku = 3 describes an ideal Gaussian surface (follows Gaussian distribution),
which was the case of neat ATSP. However, ATSP + MPCM appeared with slightly
deviated value (>3) attributed to a narrower shape of the distribution of the surface profile.

The highest mean-to-peak (Sp) and highest mean-to-valley (Sv) values of the ATSP +
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MPCM clearly captured the effect of MPCM in roughening the surface, by inducing the
formation of deep valleys and high peaks.

The size distribution of the spherical MPCM particles was measured via optical
microscopy (see Figure 8.3.(c)) and it can be divided into three groups: small, medium,
and large size, with diameters of 15 £ 1.5, 25 £ 2, and 33 + 1 pm, respectively. This is in
accord with the data provided by the vendor that is 15-30 um in diameter with a wall
thickness of 0.4 to 0.8 um. Various capsule sizes affect the surface properties of the disks,
for example, larger capsules will yield a rougher surface while more lubricant can be
encapsulated as core material, thereby having a controlled mixture of large and small sized
capsules can help provide optimal topographical characteristics and amount of stored
lubricant.

8.3.2. Nanoindentation

Figure 8.4 shows the load-displacement nanoindentation curves on the ATSP
phase (matrix) and the capsules. Note that the exposed capsules were clearly observable
from the optics, therefore the nanoindentations could be accurately directed at the center
of the capsules. The nanoindentations were performed on single/isolated capsules to
minimize the effect of uncertainties in the calculated mechanical properties. Also, the
extremely low thickness of the shell (400-800 nm) omits quantitative analysis of the
nanomechanical properties of the shell material, and the results should be treated with care
as they represented an overall H and E; from the combined effect of the shell and core
materials. It was provided by the vendor that the protective melamine-based shell is much

harder than the paraffin-based core, which provided structural and thermal stability.
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Figure 8.4(a) shows typical load-displacement curves on ATSP matrix with different
normal loads to ensure homogeneity of the mechanical properties through the thickness of
the coating. The maximum penetration depth was limited to ca. 1 um to avoid substrate
effects (coating thickness was 30 + 5 um) [94]. The nanoindentations on the ATSP matrix
yielded an average H of 257.5 £ 14.7 MPa and E was 3.96 GPa + 0.07 GPa. Figure 8.4(b)
shows the corresponding nanoindentation on the capsules with a much lower normal load
of 500 uN to avoid rupturing the shell, evident as a pop-in during the loading stage. Also,
identical indentations resulted in different hmax (nence H and E), that were higher than the
thickness of the melamine-based wall therefore the overall H and E; of the capsules was
calculated. The yielded H and E, of the capsules was 72% lower than that of the ATSP
matrix meaning the ATSP phase is acting as a protective mantle and controls the activation

during tribological experiments.

6000 600

a) H=2575+147MPa b) H=723+19.1 MPa
5000 1 E,=3.96+0.07GPa 500 E,=1.09+0.33 GPa
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Figure 8.4 Typical load-displacement curves of (a) ATSP matrix and (b) directly in the
MPCM capsules embedded in the ATSP matrix. Calculated mean and + one standard
deviation H and E are also shown.
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8.3.3. COF and wear performance of neat ATSP and MPCM-filled ATSP

Figure 8.5(a) shows the in-situ COF with time and the corresponding average
values from repeated experiments are depicted in Figure 8.5(b). The test with the neat
ATSP served as a benchmark to gauge the effect of MPCM additive incorporation on the
frictional performance of the tribopairs. The reference experiment with the neat ATSP was
only tested at RT and generated unstable evolution of COF with values ranging from 0.35
to 0.55 with high fluctuations, which attributed to a continuous wear process and the
generation of accumulated debris at the interface that dynamically changed the contact
mechanics during the experiment. The addition of 10 wt% MPCM resulted in an enormous
reduction in the friction, with the in-situ COF appearing smooth and constant throughout
the experiment, with instantaneous values below 0.1. With the addition of temperature,
the COF was further decreased, inducing a positive effect on the lubrication efficiency of
the MPCM. In fact, the ATSP + MPCM tribopair yielded the lowest COF values during
the experiment when tested under 200°C, which was slightly lower than the corresponding
experiment at 100°C. Note that there were no other additives in the ATSP matrix, other
than the MPCM. Figure 8.5(b) shows the average COF values calculated from identical
experiments, and the error bars represent +1 standard deviation from the mean value. The
experiment at RT with the neat ATSP yielded an average COF value of 0.46, and the
incorporation of MPCM resulted in 83% reduction, at an average value of 0.08. Note that
neat ATSP is a structural material which generates low COF values (< 0.2) only when is
compounded with suitable additives, such as PTFE [162]. At 100 and 200°C, the COF was

further decreased at 0.04 and 0.03, respectively, approaching the superlubricity regime

187



that is below 0.01 [158]. At 100 and 200°C environmental temperatures, that are beyond
the melting temperature of the MPCM (43°C), the paraffin undergoes a phase change from
solid to liquid, therefore the lubrication characteristics are changing. The paraffin in liquid
form can act as an externally supplied lubricant that generates mixed lubrication at the
interface. As liquid form paraffin can flow, instead of only shearing, therefore the “wetted
area” and the lubrication efficiency is increasing, and a lower COF was observed, as

described thereafter.
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Figure 8.5 Comparison of COF for (a) in-situ monitoring and (b) average COF values of
neat ATSP at RT, and ATSP+MPCM at RT, 100, and 200°C.

Figure 8.6 shows typical 2D and 3D wear profilometric scans of the tested samples
following 30 min testing. Note that the scans covered both the unworn and worn areas,
therefore information of the wear depth and the severity of the contact can be acquired.
Figure 8.6(a) describes the wear on neat ATSP (unfilled) after RT tribological testing and
a deep groove reaching 35 um depth can be observed. The wear rate was calculated to be

7.96x10° mm®Nm based on the worn volume, the normal force and the sliding distance,
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as described in Ref. [7]. As mentioned in Section 8.2.1, the curing temperature and time
for ATSP was tailored to generate a control wear process in a way that more MPCM
capsules would be activated through the depth, therefore the durability of the coatings is
prolonged, as described in Section 8.3.5. The wear track shows two distinct wear modes,
that is heavy burnishing of asperities (6-8 mm in 2D scan) and plowing of the surface due
to a hardness mismatch between the metallic and the polymer tribo-surfaces. The addition
of 10 wt% MPCM (Figure 8.6(b)) resulted in a significant decrease in the wear depth,
and a change in the wear mode from severe plowing to mild asperities polishing. In fact,
the RMS roughness of the worn area was reduced to be 3.09 + 0.63 um, compared to 4.5
um for the as-received ATSP + MPCM coating. In order to express the amount of decrease
in the height of the asperities, the ratio of the normalized (per lateral distance) summation
of the profile peaks outside and inside the wear track was measured. After the RT testing,
the ratio was found to be 2.5, meaning that the asperities inside the wear track were
shortened by 2.5 times. At 100°C, the ATSP+MPCM was subjected to a mild degree of
polishing, or “zero wear” (RMS roughness was 3.54 + 0.16 um and asperities ratio 1.05)
indicating that the lubricating mechanisms of the PCM are temperature dependent, and
therefore the amount of wear is different, compared to RT testing, as seen in Figure 8.6(c).
This is not surprising as the MPCM used in this study has a melting point at 43°C, therefore
a testing temperature of 100°C would have caused the released PCM to melt. The contact
temperature during the RT experiment was routinely (every 2 min) measured via an IR
thermometer and it remained fairly unchanged after 30 min of testing. The thermal

equilibrium is dynamically reached due to the melting (endothermic) process of the
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exposed PCM at the interface, and the temperature is expected to increase with the full
depletion of the capsules due to frictional heat. Figure 8.6(d) illustrates the wear profile
of ATSP + MPCM following tribological testing at 200°C. A smooth surface can be
observed (RMS roughness 2.72 + 0.25 um, and asperities ratio of 3.5), resulting from a
burnishing and filling effect of the peaks and valleys, respectively. It can be postulated
that the increase in testing temperature, close to cure temperature caused the shearing of
high asperities, while the melted paraffin covered the valleys resulting in a favorable

tribological interface and an ultra-low COF was observed.
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Figure 8.6 2D and 3D profilometric scans following tribological experiments of (a) neat
ATSP at RT, and ATSP + MPCM at (b) RT, (c) 100°C, and (d) 200°C.

Figure 8.7 illustrates the SEM images of the worn ATSP + MPCM specimens
after 30 min of experiments at the three selected temperatures, namely RT, 100°C, and
200°C. The sliding direction of the countersurface is shown with arrows. The surfaces of
ATSP + MPCM samples appeared smooth at all temperatures, with, however, different
lubrication mechanisms in place. Figure 8.7(a) shows that multiple capsules remained
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intact, while other capsules were raptured, releasing the encapsulated PCM. The released
PCM remained in solid “waxy” form and did not flow at the interface but was only
subjected to shearing. However, at 100°C the surrounding environment could provide
sufficient heat to the PCM to melt and flow, therefore wetting the interface. In fact, Figure
8.7(b2) shows wrinkled-like melted PCM from adjacent activated capsules, which
generated mixed lubrication, hence the ultra-low COF. Similarly, Figure 8.7(c) depicts
uniform “islands” of melted PCM covering the contact surface after testing at 200°C. Note
that fresh capsules cannot be seen on the surface due to the full depletion from the surface
or the covering of them due to the melted PCM. Compared to 100°C, these lubricating
paraffin-based films were more compacted, smoother, and wrinkle-free, presumably due
to better flow characteristics of the paraffin-based PCM at higher temperatures. Adequate
lubrication will be generated at the interface until the full consumption of the PCM, as

discussed in the durability study of Section 8.3.5.
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Figure 8.7 SEM micrographs of ATSP+MPCM after 30 mins tribological experiment at
(a) RT, (b) 100°C, and (c) 200°C.
8.3.4. Tunability of MPCM-filled coatings

In this section the reversibility of the COF with thermal stimulus was examined
via cyclic tunability experiments using the same tribo-surfaces, as detailed in Table 8.1.
The average COF at each temperature for the two tests is shown in Figure 8.8. The error
bars represent the deviation of the in-situ COF from the average value during the 10-min
intervals. The initial contact at RT generated an average COF of 0.065, and with an
increase in temperature to 100°C the average COF value dropped to 0.034, due to the
phase change of paraffin and the increased lubricating efficiency. The 2" cycle of RT
testing resulted in slightly lower COF, compared to the 1% cycle at a value of 0.057,
presumably due to a higher coverage area of the contact surface by the previously melted
and newly solidified paraffin. The 2" reheating cycle yielded a COF of 0.018,
demonstrating a good tunability of the COF by altering the surrounding temperature.

The same experiment with a fresh interface was performed with temperature
increasing from RT to 200°C to examine the reversibility of the COF at a wider range of
temperatures. During the first contact at RT the generated average COF was 0.092, and
with an increase in temperature to 200°C the COF experienced a 32% decrease. Note that
the difference between the average COF values of the two 1% cycle experiments at RT
shows that the tribo-systems are vulnerable to surface characteristics of the contacting
surfaces, predominantly the distribution of the capsules wherein unfavorable

agglomerations/clustering disturb the uniformity on the surface (see Figure 8.3(b)),
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thereby the lubricating efficiency. During the 2" RT cycle the COF was returned to higher
values, that is 0.1, before returning to 0.055 at 200°C. Figure 8.8 uncoupled a novel
capability of the MPCM, that is a good control of the frictional performance of MPCM-
filled polymeric composites via thermal stimulus, which arise from the intrinsic
characteristic of PCMs to change their physical properties at critical temperatures.
Therefore, a proper selection of a particular type of PCM (i.e., with different melting
temperatures) can be made to accommodate the use of polymeric and MPCM blends at

different environmental conditions and tribological applications.
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Figure 8.8 Average COF results from tunability study of cycle experiments at RT, 100,
and 200°C.
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8.3.5. Durability of MPCM-filled ATSP coatings

MPCM additive inside the ATSP matrix acts as a dynamic lubricating agent by the
controlled rapture and activation of the capsules. The capsules are both exposed on the
surface and through the thickness (capsules < 30 um). It is therefore expected that with
the full depletion of the MPCM the frictional performance of the composite will
deteriorate. The durability of the capsules in providing ultra-low friction was examined
via prolonged tribological testing, as shown in Table 8.1. Figure 8.9 shows the overall
tribological performance of ATSP + MPCM at RT, 100, and 200°C. The in-situ COF
against time of Figure 8.9(a) reveals the critical time/sliding distance at which a full
depletion of MPCM is taking place, manifested as a rapid increase in the COF, if any.
Figure 8.9(b) shows profilometric line scans of the worn surfaces of the ATSP + MPCM
composites, and Figure 8.9(c) illustrates the corresponding SEM images (insets represent
high magnification images). The sliding of ATSP + MPCM at RT resulted in a fairly
constant evolution of COF, after a mild hump at ca. 20 min of sliding time. The experiment
was terminated after 160 min/2,400 m of sliding distance as a steady-state behavior was
reached. The 2D scan of Figure 8.6(b) shows the burnishing of high asperities, and Figure
8.9(c1) illustrates a smooth surface formed from the overlaid paraffin wax that acted as a
durable solid lubricant providing longevity at the interface. The cyclic stress concentration
and fatigue initiated micro-cracks and minute platelet-like material removal [164], without
altering the contact dynamics, enabling the COF to remain constant. It is expected that
once a critical number of cycles is reached, the cracks will propagate and merge resulting

in catastrophic failure of the film and the lubrication mechanisms will be terminated.
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When the temperature was raised to 100°C the COF started increasing after 70 min
or 1,050 m of sliding distance, attributed to the insufficient lubrication from the remaining
capsules (if any). From the wear scan of Figure 8.9(b) it is apparent that the composite
coating experienced some amount of material removal, with a wear depth reaching 7.5
um, which was critical for the lubricating efficiency of the capsules. Also, the low
magnification SEM image of Figure 8.9(c2) captured loose debris that is believed to be
shell peels following the rupture of the vast majority of the capsules (see broken capsule
at high magnification inset). The experiment at 200°C generated instantaneous COF
values at 0.05-0.06 for 20 min, followed by a monotonic increase up to 0.1 at 30 min of
sliding, which covered 450 m of sliding distance. The COF continued to increase beyond
0.1 and the experiment was terminated after 40 min. The wear depth remained shallow,
yet critical at ca. 7 um. The SEM image indicates mild adhesive wear and shell peels on
the surface (as at 100°C), which could expedite the wear process.

It was seen that the lubrication mechanisms of the MPCM are temperature
dependent. At ambient conditions, the frictional heat is not sufficient to melt the PCM,
therefore the paraffin-based wax is only subjected to shearing, forming a passive and
durable interlayer that alleviates the friction between the polymer and metallic counter-
surface. While an extreme durability performance was observed (> 2,400 m), to achieve
ultra-low COF approaching the superlubricity regime the PCM must be melted to generate
mixed lubrication. However, as liquid lubrication is being generated internally, without
continuous external supply, the interface will reach starved conditions due to the

consumption of PCM which is being squeezed out of the contact (due to the act of
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centrifugal forces) resulting in excessive wear and an increase in the COF. The durability
at 200°C was deteriorated, due to ATSP softening (note ATSP curing at 245°C) and

subsequently decreased wear resistance, thereby faster consumption of the MPCM.
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Figure 8.9 Tribological performance of ATSP + MPCM durability tests at RT, 100, and
200°C. (a) In-situ COF against time, (b) 2D wear profilometric scans, and (c) SEM images
of worn surfaces. High magnification images are shown as insets.
8.4. Summary

A novel additive was introduced into an advanced polymeric matrix seeking
superlubricity at the macroscale level for engineering practical applications. In this chapter
the ATSP + MPCM composite was subjected under HT conditions, up to 200°C. Also, the

tunability and durability characteristics were investigated, and the following conclusions

can be drawn:
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e The incorporation of MPCM additive reduced the COF by 85% and at 0.07 under
RT conditions. At 100 and 200°C an ultra-low COF was generated, at 0.04 and
0.03, respectively. The melted PCM realized mixed lubrication at the interface,
whereas a passivated interlayer was formed from the paraffin wax at RT
conditions.

e The frictional performance of ATSP + MPCM coatings can be tuned by thermal
stimulus which changes the lubrication mechanisms.

e At 100 and 200°C starved conditions are reached after 70 and 30 minutes,
respectively, whereas at RT a fortified durability was observed.

e The findings in this study show that paraffin-based PCMs can generate tunable,
ultra-low COF under engineering applications. However, the underlying
lubricating mechanisms should be further studied experimentally and
computationally to optimize the composite material and to pave the way for

commercialization for practical superlubricity applications.

197



9. CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

9.1. Conclusions

A comprehensive experimental tribological study was conducted in this research
to systematically evaluate and compare the performance of different ceramic and alloy
coatings, Ni-based HT bulks, and novel additives in polymeric matrices for use in bearing
systems for Venus exploration, key components in nuclear reactors, and multi-functional
structures for superlubricity, respectively. The main objective was to assess the feasibility
of employing these materials and techniques to the specific applications discussed in each
chapter. Most of the work done in this research covered the selection of materials, design
of experiments and tribological evaluations of suitable interfaces for Venus exploration.
However, the last two chapters enriched this work with similar studies for other extreme
environments, for example very HTs in nuclear reactors and extreme operating conditions
for macro-superlubricity applications. The scientific contributions and summary of the
main findings are summarized below:

1. The latest version of PS coatings, namely PS400, suffered from generating high
friction and wear at low temperatures, i.e., RT. Hence, the selection of a suitable
mating surface could expand the applicability to a wider range of temperatures, for
example during descending of the exploration equipment, i.e., probes and rovers
onto the surface of Venus. As discussed in Chapter 2, DLC coating enhanced the
RT friction and wear properties of the NASA-developed PS400 when selected as

a tribo-pair, expanding the capabilities of the coating. PCD coating was not
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tribologically compatible with PS400 due to a hardness mismatch that induced
significant wear on the softer PS400 surface.

From the literature it was apparent that the lubricating mechanisms of PS400 are
solely relied on the formation of oxide glazes at the interface during HT sliding in
oxidative environments. In Chapter 3, PS400 vs. DLC tribo-pair was tested under
air and COz environments. It was shown that up to 300°C DLC coating controls
the COF and wear mechanisms of the tribo-pair, and at 500°C DLC worn out due
to significant structural changes (graphitic contributions) and PS400 provided
adequate lubrication, either in the form of uniform transfer glaze oxide layer or
minute oxide traces, under air and CO2 environments, respectively. Reasonably,
the formation of uniform oxide layer is favorable with better lubricating
characteristics and wear protection. Also, CO2 environment provided a plethora of
functional groups to terminate dangling bonds of the DLC coating subjected in
superficial layer removal. Therefore, PS400 and DLC is a dynamic tribo-pair from
RT to 500°C (with intermediate temperature of 300°C), wherein each coating
controls the friction and wear via different mechanisms.

. Tribo-testing under Venusian-simulated environment is paramount for selecting
potential interfaces for bearing application for surface exploration. In part of this
study a HT stage was engineered and installed in an existing tribometer for testing
under realistic conditions. To the author’s knowledge, this is the sole device that
can measure the COF and wear properties of materials under near-Venusian

conditions. In Chapter 4 different surfaces were selected and slid against PS400
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coatings (coating vs. coating). It was found that TiMoS; and DLC coatings have a
significant contribution in reducing the friction and wear compared to when PS400
is rubbing against a Ni-based metal (metal vs. coating). The TiMoS2 and DLC can
act as sacrificial layers, whereafter PS400 coating will provide adequate
lubrication if prolonged sliding is required.

. The effect of Venusian exposure on the morphology of exposed electronics,
sensors, and structural surfaces was adequately studied. However, the effect on
friction-reducing coatings on this aspect has yet to be explored. In Chapter 5,
previously tested coatings were subjected to 74-hours Venusian aging and the
topographical, chemical, and mechanical properties were investigated. It was
found that the S-constituents of the Venusian atmosphere reacted with the surface
of PS400 and PCD and formed S-rich particles that densely covered the coatings
and changed the surface properties. DLC and TiMoS; experienced the highest
reduction in their corresponding hardness values, followed by PS400, whereas the
mechanical properties of PCD remained unchanged. Depending on the application
(i.e., the mechanical part on a rover, drill, probe etc. of interest), the most
“appropriate” material can be selected. For example, if chemical inertness to the
Venusian environment is of interest, DLC and TiMoS, would be preferrable,
whereas PCD would be favorable for mechanical parts wherein structural
durability and dimensional stability are of high importance. Therefore, the new

knowledge provided from this study is contributing to the development of future
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probing equipment, such as all-mechanical rovers for exploiting the surface of
Venus.

Following Venusian aging the above coatings were subjected under tribological
evaluation and the results were presented in Chapter 6. On one hand, the Venusian
exposure did not change the wear performance of the tribo-pairs significantly, and
on the other hand the physically adsorbed S-rich particles improved the frictional
performance, upon compaction and melting at the interface. This preliminary work
on the tribological performance of friction materials revealed that the adverse
atmosphere of Venus might not necessarily act negatively on tribological systems.
In Chapter 7 a different application was considered, that is nuclear reactors. The
high operating outlet temperatures (>800°C) do not suggest the utilization of the
coatings examined in the previous chapters. Therefore, Ni-based HT alloys were
introduced instead. However, the unmodified alloys exhibit high friction and wear
in He HT nuclear environment. A state-of-the-art laser peening hardening process
found to have a beneficial effect of the bearing capacity of oxide layers formed
during He aging process (exposure), and hence lowering the COF and wear
significantly. Therefore, a special treatment of Ni-based HT alloys with LP for
surface and subsurface hardening and thermal aging for enrichment with beneficial
oxides can be implemented to significantly enhance the tribological performance
in extreme HTs.

In Chapter 8 an approach in realizing superlubricity at the macro level for

practical engineering application was made. Superlubricity is always linked to the
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nano and micro level through the incommensurability phenomenon. A novel

MPCM additive is proposed for tunable, ultra-low friction applications up to

200°C when added to an advanced polymeric matrix (i.e., ATSP) for controlled

activation and lubrication.
9.2. Recommendations for future work

In the systematic studies of Chapter 2-6 potential bearing materials were
examined under different conditions, seeking realistic VVenus operating environment. A
big challenge in this study was to design and implement a unique specialized apparatus
for tribological testing under Venusian-simulated conditions. While the pressurized
chamber of UHPT is capable of hosting pressures up to 13.8 MPa, that is higher than the
exact surface pressure on Venus (9.3 MPa), the introduction of HT (mean surface
temperature on the surface of Venus is 464°C) added more complexity into the system. In
other words, the supercritical CO> gas can absorb and dissipate enormous amount of heat
away from the system, and the maximum pressure at which the sample could be heated up
to 464°C was 2.4 MPa. Therefore, for a more accurate replication of the Venusian surface
the testing apparatus should be upgraded with a higher power supply and perhaps better
insulation. However, it should be noted that other complexities might arise regarding space
limitations and safety concerns. Another recommendation would be to perform longer,
prolonged tribological experiments. As seen in Chapter 4 and 6, the thin DLC and
TiMoS: coatings started wearing off, reaching a critical depth where the complete removal
of the coating was imminent. Despite the fact that their utilization could be sacrificial,

until PS400 activates, information on their durability performance (until full depletion
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from the contact) will be very important in designing the future Venus exploration
equipment and identifying the durability of the system. Another recommendation would
be the use of the GEER chamber for VVenusian aging, instead of the Goddard Space Flight
Center where only the main three constituents are considered, that is CO, N2, and SO,
The GEER chamber simulates the exact Venusian atmosphere, therefore it will give a
better understanding on the effect of exposure on the topography, chemical, mechanical,
and tribological properties. Also, longer duration exposures could be considered. Last but
not least, different contact configurations, i.e., line and point contact should be tested to
simulate ball bearing or bushings tribo-systems.

For nuclear reactors some general considerations could be about the underlying
mechanism involved in the process (pre-treatment LP and post-treatment thermal aging)
that needs to be comprehensively studied in future works to enhance and optimize the
process and to pave the way for effective commercialization of the LP process for HT
nuclear reactor components under tribological and potentially tribo-corrosive
environments.

Regarding the use of MPCM for superlubricity applications, that is admittedly a
new area of research, more PCMs with different melting temperatures could be
incorporated in different polymeric matrices to explore a broader applicability. Also, the
critical pressures at which the protective wall breaks open and releases the lubricant can
be studied experimentally by employing the nanoindentation technique using an

appropriate flat punch, complemented by computational studies.
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APPENDIX

TRIBOMETERS

Al. High Temperature Tribometer (HTT)

The HTT shown in Figure Al.1 is a versatile tribometer which allows in-situ
tribological experiments in a wide range of temperatures, from -196 to 1000°C, under
controlled atmospheres (e.g., N2, CO.). The furnace uses infrared radiation (IR) to heat up
the sample by reflection on a quartz tube coated with gold. Yet, sufficient visible radiation
is transmitted, thus the tube becomes transparent from the outside. The source of IR is a
ferritic iron-chromium-aluminum (Fe-Cr-Al alloy) heating wire that is wrapped around
the inside of gold-coated tube. The heating wires are separated with alumina tubes to avoid
short circuits. The furnace sufficiently insulated via a muffle of clear quartz tubes, located
between the outermost gold-coated tube and the heating wires, and the other one is located
around the specimens. All electronics including the force transducer and the servo motor
are cooled via a cooling fluid, that also passes from the upper and lower metallic stages
around the furnace. For environment testing, the bell-shaped jar encloses the system, and
the air is evacuated through a vacuum port and the desired gas is added though a different
port. During the experiment a positive pressure should be maintained to prevent air from
going into the system. The enclosure apparatus is not designed for high pressure testing,
and a near AP should be maintained. Excessive pressure will burst through the rubber seal

at the bottom.
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Different pin-on-disk configurations, such as flat pin-on-disk, ball-on-disk, and
curved pin-on-disk, enable plane, point, and line contacts, respectively. Also, the HTT
offers both unidirectional (up to 1000 rpm) and oscillation motions (up to 5 Hz) for
measurement of the Kinetic and static friction, respectively. The electromagnetic force
mechanism delivers a normal load up to 45 N and records both normal load and lateral

frictional force, thus the in-situ COF can be calculated.

Protective
metallic mesh
Bell-shaped
jar

Force
transducer

Pin holder

Thermocouple

Gas supply
line

Furnace

Disk holder

Cooling

system
Cooling line

Servo motor

Rubber seal

Figure Al.1 (a) Photograph of HTT and (b) bell-shaped jar enclosure for environment
testing.
A2. Ultra-high Pressure Tribometer (UHPT)

UHPT is a unique tribometer with a pressurized chamber up to 13.8 MPa. The
machine is equipped with a hydraulic system that actuates the transducer shaft to apply

the desired normal force. The 6-axis force transducer records the forces and moments in
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three directions, and the COF can be calculated either from the frictional forces or the
moment in the direction normal to horizontal plane. Two different transducers are
available, depending on the experiment and the desire maximum normal load. The low
load transducer has an aluminum ring (wall thickness 0.2 mm) with a maximum capacity
of 445 N (100 Ibf), whereas the stainless-steel ring with a thickness of 1 mm has a
maximum capacity of 4445 N (1000 Ibf). Both rings are equipped with strain gauges for
force and moments measurements. The spindle motor is located at the top and transfers
rotational movement to the couples and subsequently to the upper specimen. The heating
system has three temperature controllers: the main controller records the temperature on
the stationary bottom sample (disk) and controls the main power output, and the other two
temperature controllers get feedback from the ceramic heaters to avoid overheating
(<600°C) and from the transducer for safe operation (<120°C). The following paragraph

describes the modification of the apparatus with a heating chamber for HPHT testing.
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Figyre Al.2 (a) Photograph of HTT and (b) bell-shaped jar enclosure for environment
testing.

Two ceramic ring heaters (purchased from Watlow Electric Manufacturing
Company) provided the heating source inside the testing chamber. The bottom ring is in
indirect contact with the sample (disk), whereas the top ring is suspended around the top
sample (Figure Al.3(a)). A ceramic flexible insulation is wrapped around the stage to
minimize heat transfer to the surrounding environment (Figure Al1.3(b)). The complete
assembly with the pin holder is mounted onto the UHPT stage, as shown in Figure
Al1.3(c). A mica insulation plate is placed beneath the heating assembly to enhance
thermal insulation and reduce the heat being transferred to the transducer. Four lines are

needed to provide enough power to the heaters and 4 lines are used to measure the
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temperature of the top and bottom heaters. Figure Al1.3(d) shows a proof-of-concept

testing to ensure the heating capabilities of the setup.

Sub_Temp
Controller
Heater 2

Sub_Temp
Controller
Heater _1

’ —
N -

Figure A1.3 (a) Cross-section of heating chamber, (b) photograph of the apparatus
showing the heating rings and ceramic insulation, (c) complete assembly mounted onto
UHPT stage, and (b) proof-of-concept heat testing.
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