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ABSTRACT

The excellent wear and corrosion resistance of Co-based alloys make them desirable for tribological
applications in the nuclear industry. However, neutron activation of the Co-based alloys leads to
significant occupational radiation doses. An alternative Fe-based alloy called RR2450 was developed
by Rolls-Royce plc to replace these alloys. This paper presents the first comprehensive study evaluating
the sliding wear resistance of RR2450 alloy in representative PWR conditions. The sliding counterface
of RR2450 balls was a Co-based alloy, Haynes 25 discs. Four tests were performed at temperatures up
to 80 °C, and 12 tests were performed up to 200 °C. Results showed wear performance of RR2450 balls
degraded at higher loads and temperatures, with temperature having a significant role. Microstructural
investigation revealed voids and hard silicide phases, negatively impacting wear resistance. Nonetheless,
the wear performance of RR2450 was similar to a Co-based alloy, Stellite 20, at nuclear reactor
conditions. Two wear tests with uneven wear tracks were selected for 3D finite element analysis. The
wear simulation procedure is based on Archard’s wear equation and is implemented in a commercial
FE package, ABAQUS. The FEA method was used to capture the wear on both surfaces, and was
shown to predict nominal wear profiles. These comparisons with experiments show that the FEA
results can provide representative wear profiles when wear depths and widths are asymmetrical and

irregular.

1. Introduction

Pressurized water reactors (PWRs) are the most common
type of reactor worldwide. Occupational radiation doses
at these plants have steadily declined over the years, due
to improvements in work practices and reactor design. [1,
2]. However, there is still room for improvement. Metallic
elements, such as cobalt and nickel, get activated under the
neutron flux. The two radionuclides with the most significant
impact on operational radiation exposure are Co-58 (half-life
~ 71 days, 0.81 MeV gamma rays) and Co-60 (half-life ~
5.3 years, 1.1 and 1.3 MeV gamma rays). For example, these
two activated isotopes account for approximately 90% of the
total occupational exposure at the Sizewell B power plant in
the UK. Co-58 exposure is not a significant issue after the
commissioning phase due to shorter half-life. [3].

The excellent wear and corrosion resistance of Co-based
alloys make them desirable for tribological applications in
the nuclear industry. The rolling element bearings present
in control rod drive mechanism [4] are made of Co-based
alloys. The Co-based alloys are also present in bearings and
raceways in coolant pumps and valves. For bigger compo-
nents of valves, e.g., body, stem and ball, Co-based alloys are
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applied to the surface by welding or thermal spraying. Wear
debris produced by mechanical interactions are transported
throughout the primary circuit and are deposited at various
random locations. Corrosion products formed by assistance
of mechanical interactions are also deposited at various loca-
tions. The materials are removed from a surface by sliding
wear and wear by hard particles in combination with elec-
trochemical corrosion mechanisms. These wear debris and
corrosion products are the causes for occupational radiation
exposure. [35, 6]

The search for a suitable replacement is an ongoing re-
search since the early 1960s. Fe-based and Ni-based alloys
are the primary focused alternatives [5, 6, 7, 8, 9, 10, 11, 12].
The alternatives have shown a variable degree of success.
However, as Bowden et al. [12] pointed out, the alternatives
have not matched the elevated temperature wear resistance
of commonly used Co-based alloys such as Stellite®6 (UNS
R30006) and Haynes®25 (UNS R30605). Stellite 6 is a com-
mon hardfacing alloy used in the primary circuit. Haynes 25,
also known as L6035 alloy, is commonly used for rolling and
raceway components of rolling element bearings.

All these three families of hardfacing alloys contain some
types of hard phases in a solid solution strengthened matrix.
Depending on their alloying composition, typical hard phases
are carbides, silicides and borides, while matrix strengtheners
can be carbon, chromium, tungsten, molybdenum, niobium,
and silicon.

Research on Ni-based alloys has shown lower wear re-
sistance than Stellite and Fe-based alloys generally [11, 13,
14, 15, 16]. For instance, Deloro 50™ [17] showed near
zero wear loss above 200 °C but substantial wear loss at low
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temperatures. Meanwhile, another Ni-based alloy called Ni-
monic 80A [15] showed wear rate increased with the sliding
speed. Inman et al. [15] state this decrease in wear rate is
due to the formation of a protective "glaze layer" at the lower
speeds. Ni-based alloys can be a substitute for Co-based
alloys, but the operational window is severely restricted.

Another group of alloys, Fe-based alloys, have gathered
greater attention [7, 18, 19, 20, 21] in recent years. NOREM
02 [22], Tristelle 5183 [21, 23], Nitromaxx [24] and RR2450
[25, 12] are few to name. Nitronic 60 stainless steel is one
of the first alloys showing superior wear resistance in the
1970s. A typical composition (wt%) of Nitronic 60 is Fe -
17Cr - 8.5Ni - 8Mn - 4Si and 0.1C. Nitronic 60 was altered
compositionally to create NOREM 02, notably by increasing
carbon content (wt%) from 0.1% to 1.3%. This austenitic
stainless steel developed by Electric Power Research Insti-
tute has shown mixed results. Ocken [18] state NOREM 02
matched or exceeded the Co-based alloys. However, Persson
et al. [26] and Lee et al. [10] showed significant wear vol-
ume loss above 150 °C with increased friction when sliding
against Stellites. Tristelle 5183 is another compositionally
altered alloy from Nitronic 60 developed to improve the de-
formation resistance of solid solution matrix. Niobium is
added, and manganese is removed, along with increasing
carbon content to 2 wt%.

Meanwhile, Nitromaxx is a successor of Norem alloys
that is a stainless steel supersaturated with nitrogen [24, 27].
The compositions and manufacturing routes are chosen to
obtain a high work-hardening rate, an ability of the material
to form lubricating oxide layer on the wear surface, and low
stacking fault energy that suppresses the ability of disloca-
tions via cross slip.

The manufacturing method of the new alloys is dominated
by powder metallurgy and Hot Isostatic Pressing (HIP), while
the contemporary alloys, such as NOREM 02, were created
from weld deposition methods. The advantages of the HIPed
alloy are the presence of a very fine carbide grain structure
and reduced mean free path. RR2450 is one of these new
alloys patented and developed by Rolls-Royce plc [28]. It is
a derivative of Tristelle 5183, a Fe-based austenetic stainless
steel alloy. A typical composition (wt%) of Tristelle 5183 is
Fe - 21Cr - 10Ni - 5Si - 7.5Nb - 1.9C. Noticeably, RR2450
does not have any manganese with the addition of 8.5 wt%
niobium and increased carbon content of 1.8 wt% compared
with Nitronic 60. RR2450 contains increased silicon con-
tent of 5.5 wt%, increased niobium content and addition of
0.4 wt% Ti compared with Tristelle 5183. The presence of
Niobium (stabiliser) resulted in the precipitation of coarse
Nb-carbide precipitates and limited chromium-carbide pre-
cipitation. This leads to acceptable corrosion resistance in
humid environments with negligible rust. However, expo-
sure to highly oxygenated water leads to significant selective
phase attack of the same Nb-carbide precipitates [29]. The
addition of austenitic fcc stabilisers (C, Mn, N and Ni) with
the ferritic bce stabilisers (Cr, Mo, Si, Ti and W) doubles
the strength as to common austenitic steels, with increased
corrosion resistance [30]. Therefore, these changes in the

elemental composition has the potential to improve strength,
hardness and corrosion resistance of RR2450 in comparison
to the Tristelle 5183. The advantages and disadvantages of
the Fe-based alloys for the nuclear application as hardfacing
alloys are summarised in Table S1 in supplementary section.

The alternatives have to demonstrate similar or superior
properties when compared with the Co-based alloys in PWRs
in terms of wear and corrosion. These are also expected
to work in different environments, including high radiation
water-wetted environment, high pressure (12 MPa) and high
temperature (350 °C).

Two materials are focus of this work: Haynes 25 and
RR2450. Haynes 25 is the raceway component of the slid-
ing counterface. It is a Co-based alloy used in the bearing
applications in nuclear reactors. It is a wrought alloy with
single phase face-centred cubic (FCC) crystal structured al-
loy. Carbon content is low at < 0.15 wt% to limit the impact
of carbides on manufacturing processes. The FCC phase
formed is metastable and is formed by solution treatment of
the alloy at 1200 °C followed by rapid cooling. Due to the
presence of metastable phases, carbides and other phases can
precipitate after mechanical work. A heat treatment will then
impart ductility to the alloy. Studies by Beattie and VerSny-
der [31], Wlodek [32], Yukawa and Sato [33], Klarstrom [34]
showed presence of three carbide phases, M¢C (fcc), My;Cq
(fcc) and M,C; (hexagonal, trigonal) carbides. Deleterious
intermetallics are also reported to form in Haynes 25, spe-
cially after long-term ageing. (Co, Ni),(Cr,W) is the often
stated formula for these intermetallics. [32, 33, 34, 35]

Figure 1a shows a Back-scattered electrons (BSE) image
of Haynes 25. Intermetallics and carbides on the single phase
fcc matrix are distinctively visible. Large grain sizes, in ex-
cess of 100 pm are noticeable in BSE image. The large grain
sizes were also observed in the optical images. The forma-
tion of slip bands made up of densely packed dislocations are
expected on the grain boundaries to give the greater strength.

The counterface of Haynes 25 is RR2450 balls used in
this study. RR2450 is a highly alloyed, complex Fe-based
alloy designed to replace the Co-based alloys. Bowden et al.
[12] characterised the microstructures of RR2450. Figure
1b shows a BSE image of a polished RR2450 surface [20]
highlighting the phases present. Duplex austenitic (FCC),
y-Fe, and ferritic (BCC), 6-Fe, phases are present in RR2450.
It also contains a high fraction of carbides of the form (Nb,
Ti)(C, N) and M,C5. High carbide fractions are due to the
presence of 1.8 wt% C. A typical grain of the z-ferrosilicide
phase is circled in Figure 1b. The reported phase fraction of
the combined z-ferrosilicide phase is 23%. Electron diffrac-
tion tomography performed by Bowden et al. [20] identified
two types of these Fe-Cr-Ni silicide phases, silicide with and
without carbon. The nano hardness measurements showed
the hardness of these silicide phases (1680 HV) to be be-
tween 2 and 2.5 times higher than §-ferrite and y-austenite
phases. Hardness of (Nb,Ti)(C,N) and M;C; were 3136 HV
and 2642 HV, respectively. Backscattered Electron Com-
position (BEC) or BSE imaging, Energy-dispersive X-ray
spectroscopy (EDX or EDS) and X-ray diffraction (XRD)
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Figure 1: BSE images of (a) polished Haynes 25 surface and
(b) polished surface of RR2450 (adapted from [12])

techniques were used to confirm these phases.

Zhao et al. [25] compared the galling performance of
RR2450 alloys against similar hardfacing alloys. RR2450
retained its galling resistance up to 300 °C. However, ten-
sile testing of RR2450 samples showed failure due to brittle
fracture without any significant plastic deformation. The brit-
tleness of the carbides contributed to the early fracture of
RR2450. The presence of large silicides leads to detachment
and fracture of large carbides, thus weakening the material
and increasing the brittleness. Hence, comprehensive sliding
wear test results are required to demonstrate the wear resis-
tance of RR2450 alloy. Therefore, the main objective of this
paper is to establish the wear resistance properties of RR2450
in reactor conditions.

Wear, which is broadly defined by ASTM G40 [36] as an
"alteration of a solid surface by progressive loss or progres-
sive displacement of material due to relative motion between
that surface and a contacting substance or substances", is one
of the main causes for damage and failure of components. Yet
it is one of the most complex and difficult problem to deter-
mine wear. Interplay between the surrounding factors, such
as load, speed and temperature; and internal factors, such as
surface roughness, mechanical properties and microscopic
flaws creates complex challenges. Meng and Ludema [37] in
1995 showed around 300 wear models exist encompassing

wide range of materials and operating conditions. The list of
wear models are steadily increasing over the years.

Wear experiments are still the most reliable method to
understand tribological behaviours. Pin-on-disc type wear is
well established and used to determine wear and friction co-
efficients. The test requisites are well defined in ASTM G99
[38]. A valid alternative to experimental investigation for the
study of wear is the use of models that solve non-linear con-
tact problems using the Finite Element (FE) method to predict
the evolution of the rubbing surfaces. Broadly there are two
methods of wear simulation using FE. A wear model is ap-
plied at the elemental level. Archard’s wear equation [39] or a
modified version of this law [40] are applied at the interacting
surfaces when one body is sliding against another. Another
approach is to post-process the FE results with an appropriate
wear model to compute the progress of wear. Once the plastic
strain on the sliding surfaces exceeds a defined value, a layer
of material is removed and a re-analysis of new geometries
is performed. The second method is faster and require sig-
nificantly less computational resources as fewer non-linear
contact problems are required to be solved. Hegadekatte et al.
[41] details further in these two methods.

The FEM method (FEM) developed for wear rate cal-
culations efficiently studies very simple contact geometry
[42, 43, 44], e.g. rigid cylinder on a flat surface or a rigid pin
on a disc. Although these methods are adapted to solve engi-
neering problems and use the actual geometry of the system,
there are practical limitations. The analyses are slow. There
are limitations on the number of degrees of freedom and the
number of nodes to study the effect of local geometry with
appropriate fine grid sizes. In our recent previous work, [45],
a generalised three-dimensional FEM was used to determine
the wear on ball and disc surfaces. For simplicity, the wear
simulation procedure was based on Archard’s wear law and
was implemented in a commercial FE package, ABAQUS.
The developed methods are appropriate for 3D surfaces, and
the wear profiles are based on the accurate determination of
the contact pressures.

The semi-analytical method proposed by Johansson [46],
Gallego et al. [47] and Hegadekatte et al. [48] are alterna-
tive methods of computationally expensive FEM wear depth
models. FEM computes wear at the nodal level, while the
semi-analytical methods calculate global wear depth for each
sliding increment. The global scale is applicable to relatively
simpler geometry.

Unlike FEM, where contact pressures and slips are calcu-
lated, semi-analytical methods cannot predict both as these
depend on the system’s stiffness. These data are taken as in-
put and are constant along the cyclic wear process. However,
semi-analytical codes have been developed using misalign-
ment of surfaces to apply contact pressures [47]. The semi-
analytical wear prediction models reported in the surveyed
literature were in good agreement with FEM results for the
sliding and rolling wears considered.

This study is a part of broader research looking at hard-
facing alloys to substitute Co-based alloys in nuclear reactor
conditions. A series of sliding wear tests of RR2450 balls on
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Table 1

Chemical compositions (wt%) of two alloys

Fe Co C Si

Cr Mo Ni Mn W Nb Ti

Co-alloy Haynes25 3.0 Bal. 01 04 200 10 100 15 150 - -
Fe-alloy = RR2450 Bal. - 1.8 58 21.0 - 9.0 - - 8.5 0.50
Table 2
Load and temperature details of all the tests
Test No.* 1la, 1Ib  1Na, INb 2la, 2Ib  2Na, 2Nb  3Na, 3Nb  4Na, 4Nb 5Na, 5Nb  6Na, 6Nb
Normal Load [N] 10 10 10 10 10 35 35 35
Temperature [°C] RT RT 80 100 200 RT 100 200
* Letters "I" and "N" represent tests at Imperial College London and University of Nottingham respectively.

Suffixes "a" and "b" are two repeats for each test conditions

Haynes 25 counterface discs are discussed in this paper. The
wear performance of RR2450 is compared with the previous
sliding test results of Stellites. This comparison aims to eval-
uate the wear performance of RR2450 as a potential Stellites
replacement.

This paper has two main objectives. The first objective
is to describe the test details and results of high-temperature
sliding wear tests performed in conditions which are represen-
tative of the PWR environment using the two alloys selected
according to the needs and motivations described above. The
tests were conducted in water and ranged from room temper-
ature to 200 °C. The second objective is to compare some of
the test results with the recently developed numerical method
presented in [45] and other existing semi-analytical method.
The comparison is limited to wear profiles that are irregular
and asymmetrical.

The paper is divided into six sections. Section 1 focused
on a compilation of literature reviews on elevated-temperature
wear of metallic alloys. The literature survey is limited to
metallic alloys only as strict chemistry controls of nuclear
power plants favour metallic components over ceramic com-
ponents. The sliding wear test method and wear modelling
techniques are detailed in the two subsequent sections, Sec-
tion 2 and Section 3. The present study’s results are high-
lighted in Section 4. Wear performances of RR2450 is com-
pared with a Co-based alloy’s performances in Section 5.
Associated experimental uncertainty and FEA model assump-
tions are also discussed in Section 5. Finally, the paper is
concluded in Section 6.

2. Materials and Test Methods

2.1. Materials
The manufacturer provided nominal composition of Haynes

25 is given in Table 1 [49]. The composition of the received
alloy was also confirmed with EDX microscopy. A 30% cold
worked block of Haynes 25 was provided by Rolls-Royce
plc with the hardness of 450 HV30. 30% cold reduction of
the alloy contributed to an increased level of homogeneity of
carbide precipitation during the subsequent ageing process.
The block was aged at 605 °C + 5 °C for 6 hours in a fur-

nace and air-cooled to get the desired hardness between 550
HYV and 600 HV. The resultant hardness was ~ 570 HV30.
Electronic discharge machining was then used to cut 30 mm
diameter discs. The tribometer at the University of Notting-
ham required 10 mm thick discs. Meanwhile, the Imperial
College London tribometer did not require a pre-defined disc
thickness. So, 5 mm discs were used at Imperial College
London to make the best use of the available materials while
preserving the validity of the assumptions made in the analy-
ses.

Table 1 also lists the nominal composition of RR2450
alloy. Gas-atomised power form of RR2450 is initially pro-
duced. The powder was used to produce bars using hot iso-
static pressing (HIP) at Bodycote, Chesterfield, UK. High
temperature (up to 2200 °C) and high pressure (up to 300
MPa) are applied to produce a consolidated component with
near-net-shape finish during HIP process [20, 27, 50]. The
resultant hardness of the alloy was 550 HV. The bars were
then machined and polished into 10 mm diameter balls by
PCS Instruments, London, UK.

2.2. Wear Testing

Table 2 summarises the sliding test details. Test numbers
with the letter "I" are tests performed using a tribometer at
Imperial College London. Test numbers with the letter "N"
are tests performed at the University of Nottingham. There
were 16 tests conducted in this study, and each load and
temperature condition was repeated once. For example, test
number 2Na is the first of the two tests performed at 100 °C
with a normal load of 10 N. Test case 2Nb is a repeat of test
number 2Na. This study performs the pin-on-disc type wear
test as shown schematically in Figure 2A. Figure 2B shows
the tribometer enclosed in an autoclave at the University of
Nottingham. Autoclave is removed in the Figure 2B to show
the primary components of the tribometer. The rotation of
the disc is driven by a magnetic coupling with an external
drive in this bespoke tribometer. There is a 10 mm offset
between the axis of loading and the axis of rotation, resulting
in a wear track diameter of 20 mm and sliding speed of 0.21
m/s at the centre of the track. Since the free weights are

A Bastola et al.: Preprint submitted to Elsevier

Page 4 of 26



OCoOoO~NOOUTA~AWNPE

High Temperature Aqueous Sliding Wear of RR2450 alloy on Haynes 25

Load
Ball
Wear track

Rotation

A B

A. Schematic of ball-on-disc wear test system

B. Tribometer in autoclave
C. High temperature tribometer

a. Application of load via free weights
b. Flexures or load arms

c. Ball holder

d. Disc holder

e. Shaft rotating disc above

Figure 2: Two types of Tribometers used for the tests compared with ASTM G99 sketch

completely submerged in an aqueous solution, there would
be some buoyancy effects. However, the buoyancy effects
were negligible, with the maximum fluctuation on the contact
load being < 5%.

The tribometer used at Imperial College London is Anton
Paar high temperature tribometer and it is shown in Figure 2C.
The load arm (annotation ’b’ in Figure 2C) can be adjusted
to the required offset of 10 mm from the centre of the disc.
Anton Paar tribometer is not enclosed in an autoclave, so
sliding wear tests at room temperature and at 80 °C were only
conducted using it. Loads on both tribometers are stabilised
with a mechanism that allows free vertical movement of the
load.

All the tests were run for 180 minutes at a constant speed
of 200 rpm, so the total number of revolutions was 36000.
Once the required pressure and temperatures are achieved
and stabilised, the slide wear tests were started for 36000
cycles. In order to mimic reactor conditions, deoxygenated
deionised water was used with an addition of 8.5 mg of LiOH
per litre, which resulted in the solution having a pH of approx-
imately 10.5 at room temperature. Since the concentration of
boric acid fluctuates during PWR plant operation to control
neutronics, boric acid was not added to the aqueous solution.

2.3. Material and Surface Characterisation

The hardness of the alloys was measured using Vickers
hardness diamond indentor of 10 kgf and 30 kgf. Each re-
ported hardness values given in Table 3 is averaged from
10-15 measurements. Microstructures of bulk material and
post-worn surfaces of both ball and disc samples are exam-
ined using Hitachi S-3400N SEM and JEOL 6010LA SEM.
Both secondary electron (SE) and BSE imaging, along with
EDX, were used in identifying the composition of any fea-
tures of interest. SEM gives topographical images, while

BSE gives compositional and grain contrasted images.

Table 3
Mechanical properties at room temperature
Ball Disc

Material RR2450 Haynes® 25
Hardness 550 HV10 570 HV30
Elastic modulus [GPa] 230 225
Poisson'’s ratio 0.3 0.3
Diameter [mm] 10 30
Disc thickness [mm] - 5/10*
Ra surface roughness [um] 0.29 0.13

* 5 mm discs were used in Imperial College London tribometer
and 10 mm discs were used in University of Nottingham tribometer

Phase identification was performed using an X-Ray Diffrac-
tion (XRD) system. The Malvern PANalytical MPD diffrac-
tometer with monochromatic Cu-Ka (4 = 1.5406A) radiation
was used to analyse bulk materials and wear tracks. The step
size of 0.03 ° and the time per step of 50 s was used. A slit
size of 2 mm was used to gather diffraction patterns at wear
tracks and a 5 mm slit on the bulk material.

Talysurf Series 2 profilometer was used to measure the
surface roughness of the samples. Roughness values were
averaged from multiple measurements from two randomly
selected samples. Averaged Ra = 0.29 ym and Rq = 0.41
um for the balls. Likewise, averaged Ra = 0.13 ym and Rq =
0.17 pum for the disc surfaces. Although the averaged surface
roughness of ball surfaces is higher than that of disc surfaces,
the Ra values are below the threshold of 0.8 ym recommended
by ASTM G99 [38] for pin-on-disc type sliding tests.

The ball and disc wear coefficients for the sliding tests
are derived from Archard’s wear equation and determined by
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the following equations:

VyH,
ky=—2t
SFy )
= VyHy
47 SFy
where,

V,, and V; are the total wear volumes of the ball and disc, re-
spectively, k;, and k; are the ball and disc coefficients of wear
respectively. Hy, and H  are the ball’s and disc’s hardness,
respectively. F is a normal load.

The wear volumes were measured using a 3D measuring
laser microscope (LEXT OLS5000) by Olympus. The ob-
jective lens with 50x magnification with height error margin
of + 50 nm was used to measure wear profiles of the discs.
Since the counter face ball surfaces are curved, a lower 20x
magnification lens with height error margin of + 0.5 ym was
used. A typical wear scar on the ball surface is given in Fig-
ure 3a. Wear height contour measured by the Olympus LEXT
OLSS5000 confocal microscope is given in Figure 3b. Two
perpendicular lines crossing at the centre of the contour plot
represent lines that are used extract 2D profiles, one line is
along the sliding direction and the other line is normal to the
sliding direction. The curvature of the ball is removed Figure
3b. These extracted 2D line profiles are used to compare
test results with simulation results. The wear volumes of the
disc wear track were measured by stitching multiple profiles.
Eight profilometric measurements were made at 12 o’clock,
3 o’clock, 6 o’clock and 9 o’clock positions. Generating the
entire 3D contour of the disc wear track is impractical. Thus
each profilometric measurement was used to determine the
cross-sectional area using Simpson’s rule to integrate. The
averaged cross-sectional area was multiplied by the mean
circular path of the wear track to obtain the wear volume
loss. The wear track profiles and optical images are given in
Figure 4 for the four locations. The direction of sliding is also
annotated. The two parallel lines (red and green with arrows)
displayed on each height contour plot are the locations used
to extract 2D profiles.

Figure 3: Optical image (a) and wear height contour plot (b)
of RR2450 ball for Case 2Na

| !Sliding -, snam%}\.

|| i | |
- 10000, I il
9 L) | -

Figure 4: Optical images of worn tracks and wear height contour
plots of Haynes 25 disc for Case 2Na at 12 o'clock (a), 3 o'clock
(b), 6 o'clock (c) and 9 o'clock positions

3. Modelling

3.1. Semi-Analytical Method

The semi-analytical (SA) method proposed by Hegadekatte
et al. [48] was used for initial comparison with the test results.
The model uses Hertzian contact stresses and Archard’s wear
law to calculate the wear over a sliding increment. The inputs
are geometry, elastic material properties, applied normal load,
and the experimentally obtained wear coefficients. Change
in wear depths and wear track widths are the outputs as a
function of sliding distance. The method uses an explicit
Euler method to integrate Archard’s wear equation for the
surface nodes and was executed in a Python console. An
average contact pressure from the contact region is used to
calculate the increments in wear depth, and the coefficient
of friction is not explicitly included but incorporated in the
wear equation as described in Hegadekatte et al. [48].

3.2. Numerical Method

Unlike the SA method, Finite Element Analysis (FEA)
uses calculated contact pressures and slip displacements to
determine wear depths. Thus there is no requirement to av-
erage contact pressures over a contact area. The wear mod-
elling technique developed to predict wear on the disc and
ball counterfaces is briefly described in this section. The
detailed validated method is provided in Bastola et al. [45],
and only a brief overview is given here. The objective of FEA
simulations in this paper is to compare the FEA predicted
wear profile with tests and semi-analytical results. The study
by Bastola et al. [45] used uniform wear tracks to compare
the FEA models with test results. Unlike that study, this
study compares these models with the two test cases with
significantly uneven wear tracks.

A segment of the wear track is only modelled for the
sliding wear tests, as shown in Figure 5. The red-bordered re-
gion of Section A-A denotes Arbitrary Lagrangian—Eulerian
(ALE) adaptive mesh regions. The adaptive meshing tech-
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Figure 5: FEA assembly of ball and disc for sliding wear simulations

nique in ABAQUS combines the features of pure Lagrangian
analysis and pure Eulerian analysis. During the Lagrangian
phase, the material moves with the mesh, and during the
Eulerian phase, the mesh nodes are fixed in space, and the
material flows through the mesh elements. The mesh is ex-
pected to be distorted during wear, and the mesh smoothing
framework implemented by ALE adaptive re-meshing is re-
quired to smoothen the mesh. Section 3.1 and Section 3.2
of [45] provide further details on the ALE adaptive meshing
techniques and wear processor used in this paper. 3 X 1.25 X
0.25 mm is the dimension of the disc portion modelled. The
ball’s horizontal length is 2.8 mm, and the vertical length is
0.3 mm at the ball’s contact point. The diameter of the ball
is 10 mm. The dimension selected are adequate to capture
the Hertzian contact pressures. The Hertzian contact width
is 0.1 mm for the highest load cases of 35 N.

8-noded linear brick (C3D8) elements are used in the

contact regions for both ball and disc. C3D8R elements and
six-noded wedge elements (C3D6) are used outside the ALE
adaptive mesh region to reduce computation time and the total
number of elements. The bottom of the disc in the X-Y plane
is fully fixed. The normal load along Z-direction is applied
at a reference point, RP- 1. RP-1 is kinematically-coupled
to the top surface of the ball. Thus, the load is distributed
on the flat top surface of the ball in the X-Y plane. The ball
is reciprocating in X-direction by Ax = 0.25 mm. Since the
objective here is to calculate representative contact pressure
over an element length, the sliding distance of 0.25 mm is
sufficient. Figure 5 gives other geometric and mesh details.
The automated, incremental wear simulation tool is writ-
ten in FORTRAN 90 and it is based on Archard’s wear equa-
tion as given in Equation 1. Reduction of volume term in
Equation 1 to area X height results in Equation 2. This modi-
fied equation is then implemented using ABAQUS (version
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2019) and the user-defined subroutine UMESHMOTION.
The assumptions and limitations of Equation 2 are detailed
in Section 3.2 of Bastola et al. [45].

dh
7 = ko p(x) (@)

where, k, is dimensional local wear coefficient [mm? /Nmm],

dh/ds is the change in wear height per unit sliding distance.
p(x) is the nodal contact pressure that FEA packages like
ABAQUS can calculate.

The previous FEA study showed a good approximation
for uniform wear tracks and widths. This study selected two
sliding tests with irregular wear track widths and depths to
compare test results with FE and semi-analytical methods.
10 N load case - Case 2Na, and 35 N load case - Case 5Na
are selected for the two loading conditions considered.

4. Results

4.1. Materials characterisation

Backscattered Electrons (BSE) images of Haynes 25 are
given in Figures 6(a) and (b) for two levels of magnifications.
Figures 6a shows grains with darker and brighter contrasts
due to the cold-rolling and annealing process. Figure 6b
shows a magnified region of Figure 6a. The subsequent
images, Figure 6¢ through to Figure 6h are EDX images
qualitatively showing the elemental compositions. The low
carbon content of 0.1 wt% was not detected by EDX but is
present at the grain boundaries to provide carbide strengthen-
ing while maintaining the ductility. W-rich precipitations are
observed in the matrix. Point spectrum at location 1 shows
a W-rich region (wt%: W: 67.1, Co: 17.2, Cr: 12.3, Ni: 2.7
and traces of Mn and Fe), suggesting the W-rich intermetallic
phase. Similarly, the point spectrum at location 2 also shows
a W-rich region (wt%: W 69.7, Co: 17.8 and Cr: 12.6). Lo-
cation 3 is a point in the Co matrix comprising of, in wt%,
W: 17.0, Ni 10.1, Cr 20.9, Mn 1.9 and Fe 1.5. Precipitation
of these intermetallic phases can cause embrittlement at low
temperatures but are known to improve wear resistance at
high temperatures [34, 51].

BSE and EDX analyses were performed on a polished
RR2450 alloy surface. Figures 7a and 7b are for two levels of
magnifications. The two circled regions in Figure 7a are voids
formed during the manufacturing process. Other features are
further detailed in Figure 7b. EDX point spectrum analyses
were carried out at three distinct areas in the figure. Location
1 is a triangular Nb crystal (wt%: Nb 98.7, traces of Fe
and Cr), Location 2 is Cr-rich 6 phase (wt%: Cr: 58.1, Fe:
23.1, C: 13.2, Nb: 2.8, Ni: 2.0, Si: 0.9). Location 3 is
austenitic matrix, comprising of, in wt%, Fe: 64.6, Cr:14.9,
Ni: 13.7, Si: 6.6. EDX mapping images for the magnified
images are shown in Figure 7c through to Figure 7h. Hard
NbC are suspended in the Fe matrix. Distinct regions with
silicide-rich areas are present along with Ni-rich y phase and
Fe-rich 6 phase. The presence of hard silicide phases and
NbC can be beneficial from a wear resistance perspective

5 pm

Figure 6: (a) Low magnification BSE image of Haynes 25.
(b) High magnification BSE image used for EDX elemental
mapping analysis and point spectrum analysis. Co (c), Cr (d),
Fe (e), Mn (f), Ni (g), W (h) were detected.

but less desirable from a toughness and corrosion resistance
perspective [12].

4.2. Wear test results

The calculated volume losses for all 16 test results are
given in Figure 8a. Volume losses for the ball, disc and
combination of both losses are given for each test case. The
bars represent mean values, and the error bars provide the
minimum and maximum values of the ball, disc and cumu-
lative wear. "Tribometer I" group are tests done at Imperial
College London using the tribometer detailed in Figure 2C.
Likewise, "Tribometer N" are tests done within an autoclave
environment at the University of Nottingham. As expected,
wear volumes increased with the applied normal load. Also,
total volume losses of discs were 4 times to 8 times higher
than volume loss of balls for lower load and lower temper-
ature cases, as shown in Figure 8b. However, at the higher
load of 35 N and higher temperatures of 100 °C and 200 °C,
significant wear loss is observed on the balls. Meanwhile,
there was no significant change in the volume loss on the
disc counterfaces under these conditions. This shows that the
RR2450 balls’ wear performance is degraded at higher loads
and temperatures. Ball’s volume losses for the Tests 3Na,
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{00 pim | W i

Figure 7: (a) Low magnification BSE image of RR2450 alloy.

(b) High magnification BSE image used for EDX elemental
mapping analysis and point spectrum analysis. Fe (c), C (d),
Cr (e), Nb (f), Ni (g) and Si (h) were detected.

3Nb (N-10 N 200 °C) are around double when compared
with Tests 2Na, 2Nb (N-10 N 100 °C) and Tests 4Na, 4Nb
(N-35 N RT). The variation of disc wear volumes for all 6
tests is significantly less. This shows that temperature has a
bigger role in the degradation of wear resistance properties
of RR2450 balls.

Although Figure 8a shows the highest wear loss for Tests
5Na, 5Nb (N-35 N 100 °C), the error bar of the ball’s volume
loss shows significant variation. The ball’s volume loss is
almost doubled in the repeat test. Nonetheless, there is a
significant increase in the ball’s volume loss when compared
with the Tests 4Na, 4Nb (N-35 N RT). Thus, the superior
wear performance of RR2450 at lower temperatures degrades
at higher temperatures of 100 °C and 200 °C.

The volume losses, hardness of the counterfaces at room
temperature, total sliding distances and applied loads are used
to calculate the non-dimensional wear coefficients, k,; and
ky,, for the disc and ball surfaces. This is based on Archard’s
wear equation. Table 4 gives a detailed summary of the wear
coefficients for all 16 tests. k, and k, wear coefficients are
directly proportional to the wear volume loss. The k,; and
kj, values are used in the FEA and SA studies presented in

Test No. Load [N] Temp. [°C] &, k,
T
we R So soseon
0w TseE 04 ao1E08
M w ol e e
W w W mew e
mh B RT Ll 10
T wow  pmem imeo
b B M Corn saseos
Table 4

Calculated wear coefficients of disc (k,;) and ball (k,) for all
eight test conditions

Sections 3 and 4.4.

Figure 8b also compares the wear of ball and disc surfaces
at identical conditions using two tribometers. Comparing
two identical test cases, Cases 11 and 1N, show insignifi-
cant changes in the total wear volume losses between two
tribometers. The volume losses are within the bounds of ex-
perimental error. A comparison of the subsequent two cases,
Cases 2I and 2N, shows a distinct increase in wear volumes
of balls when the temperature is increased from 80 °C to 100
°C. Nonetheless, the overall volume losses are within the
bounds of experimental error.

4.3. Characterisation of worn areas and surface
features

Figures 9a and 9b show a section of wear scars of the
disc in SE and BSE modes for Test No. 4Na. Likewise, Fig-
ures 9c and 9d present ball wear scars in SE and BSE modes.
EDX analyses of all the wear tracks are given in the Table 5.
Long-running shallow even grooves and scratches identify
the sliding direction. The smooth area of the track implies
that the material was ploughed smoothly from the disc sur-
face. Features 1 and 2 in Figures 9a and 9b show fragments
of wear debris. This was seen at many other locations in
the track for both repeats. EDX analysis of these features
revealed a composition similar to Haynes 25. This indicated
that some Haynes 25 debris remained in contact as the sliding
interaction progressed, referred to in the literature as active
wear debris [52]. Some literature [11, 53] suggested that sin-
tering due to high flash temperature and high contact pressure
can cause wear debris adhesion. However, confirming that
this happened in these interactions was not possible.

The border of the ball wear scar is feature 1 in Figures 9c
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(b) Detailed volume losses below 1.0 mm? for 6 test conditions

Figure 8: Summary of volume loss from all 16 tests

and 9d, has a smooth appearance. EDX analysis revealed the
presence of Co on the wear scar surface, implying that mate-
rial transferred from the disc to the ball surface. Fragments
of debris and significant topographical damage were not ob-
served as commonly as on the disc track surface. Features
indicating adhesion of wear debris are observed frequently
across the wear track, an example of which is highlighted
in Feature 1 in Figure 10a and 10b. An elevated wt% of
iron within this feature was observed and it confirmed the
presence of debris from the RR2450 ball in this location,
see Table 5. Elevated wt% of Fe was also observed at other
similar features across the track produced at this test condi-

tion. It suggests that the non-uniformity observed across the
track surface produced at 100 °C may be due to adhesion
of wear debris rather than uneven material removal. As the
track became less uniform in appearance, the wear volume
measured for the disc track decreased. The wear debris that
adhered to the surface in the interaction may have protected
the disc from further wear, which agrees with the discussion
presented by Stott [54] and Inman and Datta [55].

The damage to the ball surface produced at 100 °C was
more severe than at room temperature. The scar also had a
more grooved appearance corresponding to the increase in
topographical damage observed on the disc surface tested at
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Table 5

EDX elemental compositional analysis of wear track at the regions shown in Figure 9,
Figure 10 and Figure 11

Figure Feature Elements (wt%)
[ Case No. (Test details) C J]O [Si [Cr[Mn]Fe]Co[Ni[Nb[W ] Total
Average track spectrum 4 6 - 18 | 2 3 44 | 9 - 14 | 100
Disc | 9 (a) and (b) Smooth track 3 - 19 |2 2 47 |9 | - 16 | 100
Feature 1 and 2: fragments of | 5 11 [ <1]16 |1 9 37 |9 |- 11 | 100
wear debris
4Na (35N @ 20°C) Dispersion 8 |28 | <1]16 |1 6 |28 |6 |- 7 | 100
Average scar spectrum 8 10 | 4 18 | <1 13213 |9 4 1 100
Undamaged surface 7 - 6 22 | - 47 | - 9 8 - 100
Ball | 9 (c) and (d) | Smooth scar 5 |7 3 18 | <1 [38[10 |9 |7 2 | 100
Feature 1: significant topograph- | 3 17 | 2 16 | <1 |18 |27 |9 2 5 100
ical damage at scar border
Feature 2: topographical damage | - 14 | 4 17 | - 40 |11 |9 | 4 1 100
Average track spectrum 2 3 19 |1 8 42 |9 15 | 100
Disc | 10 (a) and (b) | Smooth track 2 | <1]- 20 | 2 2 |48 |9 |- 16 | 100
5Na (35N @ 100°C) Féat'ure 1: topographica!damage 4 11 | 3 18 | <1 |31 |15 |9 4 4 100
within wear track/ debris
Average scar spectrum 6 6 5 21 | - 44 | 2 9 7 - 100
Ball | 10 (c) and (d) | Smooth scar 6 |6 5 22 | - 45 | - 8 |8 - 100
Topographical damage with | 11 | 11 | 3 16 | - 36 | 9 8 | 4 2 100
some adhesion of debris
Average track spectrum 4 6 - 18 | 2 6 41 | 9 - 14 | 100
. Smooth track 2 2 - 19 | 2 3 A7 |9 | - 16 | 100
Disc | 11 (a) and (b) I phical damage 3 (17 |2 |17 |1 | 18|24 |8 |2 |8 |100
6Na (35N @ 200°C) Fine, powder like debris 4 |10 | - 17 | 2 9 |38 |8 |- 12 | 100
Average scar spectrum - 12 | 4 21 | <1 13919 9 |4 2 100
Ball | 11 (c) and (d) | Smooth scar 4 19 4 20 | <1 |43 |5 9 |5 - 100
Topographical damage at border | 4 7 4 <1 |20 1 45 | 5 9 4 100

(a) Direction of

~ sliding \
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Figure 9: (a) SE and (b) BSE of an area within disc wear track,
and (c) SE and BSE (d) of an area in ball wear scar from Test
No. 4Na (N-35 N RT)

this condition. The feature highlighted in Figures 10c and
10d had slightly elevated levels of cobalt, but relative to the
average scar spectrum, it was not significant.

At the experimental temperature of 200 °C under a nor-
mal load of 35 N, the topographical non-uniformity on the
disc track observed was more severe than at the lower temper-
ature conditions, see Figures 11a and 11b. Features showing
plastic deformation with entrapped wear debris are visible.
EDX analysis of the features indicated that this contained
elevated levels of iron, indicating the debris transfer. The

Direction'\ :
of sliding.x _

Figure 10: (a) SE and (b) BSE of an area within disc wear
track, and (c) SE and BSE (d) of an area in ball wear scar from
Test No. 5Na (N-35 N 100 °C)

formation of a protective oxide glaze at temperatures above
150 °C was discussed by Pauschitz et al. [11]. It was noted
that these glazes might form from wear particles that were
mechanically broken down into fine particles by ’commu-
nition’ and tended to concentrate around features such as
grooves in the wear track [11]. This description has similari-
ties to what is observed in Figures 11a and 11b suggesting
that a protective oxide glaze may have formed. The litera-
ture [11, 56] suggests that wear will transition to a mild wear
regime in the presence of these glazes. This also agrees with
the reduction in wear volume measured on the disc track in
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Direction
¢ | of sliding

Figure 11: (a) SE and (b) BSE of an area within disc wear
track, and (c) SE and BSE (d) of an area in ball wear scar from
Test No. 6Na (N-35 N 200 °C)

the 200 °C temperature condition under a load of 35 N. The
polished appearance of the ball scar is once again observed,
see Figures 11c and 11d, agreeing with the observed increase
in wear volume.

Generally, the significant variation in the uniformity of
the scar in the disc wear track as a function of operating
conditions is linked to the changes in mechanisms due to
the severity of the applied load and running temperature,
with increased non-uniformity coinciding with increase of
adhesive wear and formation of significant wear debris and
material transfer between the mating surfaces. Conversely,
the appearance of protective oxide glazes may result in a
more uniform appearance of the wear track.

Phase identification of both alloys was carried out using
the X-Ray diffraction technique for the Test Case 6Na. The
background intensity counts are removed, and the patterns
are normalised to the peak of maximum intensity on each
diffractogram. The resultant XRD patterns are given in Fig-
ure 12 for Haynes 25 and Figure 13 for RR2450 alloy. The
X-ray patterns typically originate within ~ 20 um depth, but
the majority of diffractions originate from the top few mi-
crons. Thus, the XRD captures the present phases on the top
few microns. A comparison of the disc’s wear track with an
area away for the wear track is made in Figure 12 for Haynes
25 alloy. The XRD patterns were compared with the XRD
patterns of Co-Cr-Fe-Mn-Ni alloy, ICDD: 04-022-8761 and
Haynes 25 XRD patterns by Garcia Fresnillo et al. [35] and
Luo et al. [57] at room temperature. Patterns show peak
intensity at 26 = 43.4° and is identified as y-Co,; Wy thombo-
hedral structure. Peaks at 260 = 50.8° and 74.8° are also of y
phase. Another peak at 90.8° and a smaller peak at 95.9° are
Co3; W and W precipitates, respectively. Comparing the XRD
patterns at the wear track against an area away from the wear
track shows identical peak locations with slightly different
peak intensities. There are reductions in all peak intensities
for y and Co; W phases, but the W precipitates intensity has
not changed. This can result in a smoother wear track with
increased contact area and reduced contact pressures, which

in turn reduces the wear volume. Carbide precipitations were
not detected in the selected regions.

XRD patterns of RR2450 alloy given in Figure 13 were
compared with results from Bowden et al. [12]. XRD peaks
show the presence of five phases. The primary phases are
duplex austenite (y) and ferrite (6) microstructure. There is
also a significant presence of silicide phase, approximately ~
25%. The high carbon content of 1.8 wt% resulted in a high
fraction of carbides of the form (Nb,Ti)CN and M,C5, where
M is a mixture of Cr and Fe. A comparison of XRD patterns
of the unworn area with the wear track shows a few silicide
peaks missing. It confirms the removal of these hard silicide
phases during sliding as wear debris.

a
— Bulk Observed
— Wear track Observed
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Figure 12: XRD patterns of unworn region and wear track
region of Haynes 25
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Figure 13: XRD patterns of unworn region and wear track
region of RR2450 alloy

4.4. Comparison of wear test results with FEA and
SA method

As mentioned in Section 3.2, the objective of comparing
FEA results with the test results is to check the validity of the
developed FEA method when wear track widths and depths
are uneven. The two selected cases, Cases 2Na and 5Na, have
the highest wear track width and depth variance.

The dimensionless wear coefficients given in Table 4 are
converted to dimensional wear coefficients (kps). The kps
for the ball and disc are then used in the FEA and SA mod-
els. After solving the contact mechanics equations, the wear
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depths are calculated using Equation 2. The corresponding
contact width (2a) are measured from the deformed surfaces
of the FEA models.

A summary of the maximum wear heights (#) and the
widths are given in the ’Test’ columns of Table 6. ALE
domain required to capture h ~ 0.43 mm and 2a ~ 4.00 mm
would be significantly bigger than the present domains. The
present simulation time of around 22 hours will increase
enormously. So, only a limited number of wear cycles are
considered to get the trend of wear profile changes. FEA
determined h and 2a parameters are then extrapolated to the
required number of sliding cycles. The extrapolation method
is detailed in Bastola et al. [45], and a brief overview is given
here.

The wear step size of 25 was used for the 2Na test case.
So the FEA predicts wear profiles for the first 325 sliding
cycles. The predicted wear depths of disc and ball are given
in Figure 14a and Figure 15a. Selecting suitable wear step
sizes is iterative. The method by McColl et al. [58] is used to
determine a stable step size. When the step sizes are above
a certain threshold step size, instability occurs and contact
formulations do not converge. Once the critical threshold
step size is determined, the corresponding critical wear depth
per sliding step, Ah,,;.is derived. Ah,,,;, for one load case is
calculated and then the stable step size for other load case sim-
ulations are determined, using trial and error, by comparing
the corresponding initial Ah to Ah,.,;,.

The least-square curve-fitting is used to fit the FEA re-
sults to a power curve in the form of A = An®  where h is
the wear height or wear depth, A and B are constants, and
n is the cycle number. A as a function of » satisfies a power
curve when the wear rate is linear and mild. Due to wear
progression, the contact area increases as the material loss
occurs except in non-conforming contacts. This leads to a
decrease in the bearing pressure. Since wear depth is directly
proportional to the bearing pressure, the change in wear depth
is also decreasing. It can be seen from Figure 14a that the
slope of the wear depth curve is steadily decreasing with the
increased number of cycles, showing a sub-linear variation.
This "running-in" behaviour, along with the linear wear in
the steady state, can be captured by a power-law curve. See
Section 4.2 of Bastola et al. [45] for the studies performed in
our previous contribution to demonstrate this. The predicted
h = An® equations along with R-squared value are given in
Figure 14a and Figure 15a. Here R? is > 0.98. The extrap-
olated results to 36000 cycles are then given in Figure 14b
and Figure 15b.

Wear widths were also calculated using the same curve
fitting method and extrapolation. Figure 16a shows the cal-
culated width for the first 325 cycles. Unlike the gradual
increment in the wear depth of the ball, the wear width in
this case is increasing in steps. This is because of the lim-
ited number of elements used across the sliding direction
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(b) Disc wear curve extrapolated to total number of cycles

Figure 14: Case 2Na - Prediction of disc wear depth

to reduce simulation time to a limited number (12 to 24) of
CPU hours. The calculated width is based on the displace-
ment of the nodes on the ball across the sliding direction.
Every FEA wear step does not lead to a change in the wear
width. Wear width is the total length of the elements whose
vertical displacement is not equal to 0. Once the edges of
the wear width fall beyond the elements that were in contact,
the contact width is increased by the length of the elements.
The equation derived from the power curve fitting is then
extrapolated for the 36000 cycles. The extrapolated plot is
shown in Figure B.1b in the Supplementary section. The
FEA predicted results are then compared with the test results
in Figure 17a for the ball and Figure 17b for the disc.

Two profiles at 12’clock and 6 o’clock positions are com-
pared with the FEA result in Figure 17b. The other two
profiles, at 3 and 9 o’clock positions, are also compared for
completeness in the Supplementary section, Figure B.2. Vari-
ations in wear profiles were observed at all four locations.
Wear depths and widths were the highest at 6 o’clock posi-
tions and the lowest at 9 o’clock positions. The average wear
depth from 8 measurements of disc wear depth was 7.07 +
0.49 um, while FEA predicted wear depth at 8.03 mm. The
track width predicted by FEA was 1854.44 um, while mea-
sured track widths range from 1887.38 um to 1987.14 um.
The detailed profile measurements are given in Table S2 of
the Supplementary section.

The ball worn profile is across the contact width and it
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Figure 15: Case 2Na - Prediction of ball wear depth

shows asymmetric wear on the ball surface. The ball’s form is
removed here by linearising the profile with the ball’s radius
of 10 mm. Removal of the form allows precise measurement
of wear depths, but asymmetric wear shape on the ball wear
scar is lost. All three profiles in Figure 17a are profiles with
the form removed. Without removal of the form, wear is
the highest at the frontal region of the ball along the sliding
direction. Meanwhile, the wear height is the lowest at the
rear region of the ball along the sliding direction. The ball’s
wear scar is elliptical. The detailed measurements are given
in Table S3 of the Supplementary information section. The
FEA does not capture this asymmetric behaviour due to the
smoothening function applied at the first increments of the
sliding steps. "Test" profile corresponds to a profile normal to
the sliding direction. The FEA overpredicted the wear track
depth by 4.9 %, and the FEA width is within error margins
of test results.

Case 5Na disc wear is significantly non-uniform across
the track. The wear depth ranges from 4.33 um to 19.03 um
(mean = 11.62 + 1.90 um ) and the disc wear track widths
ranges from 3748.61 um to 4054.39 um (mean = 3915.54
+ 40.16 ). The test results are detailed in Table S4. This
almost five-fold variation in wear depth, due to localised
effects linked to material transfer and localised adhesion and
formation and evolution of wear debris, cannot be captured
with the current FEA method. Instead, the mean wear depths
and heights are compared with the FEA results. Comparable
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Figure 16: Case 2Na - Prediction of disc wear width

wear depth of 8.65 um and width of 3.86 mm were obtained
from FEA. The curve fitting method to extrapolate wear width
resulted in unrealistic disc wear track width, with R2 = 0.82
indicating high variability. Bias mesh was used to reduce the
number of elements in the ALE region of the disc. Element
widths progressively increased further away from the initial
contact region. Disc element width is 15 um at the initial
contact point and 30 ym at 0.5 mm in normal to sliding
direction. A denser mesh was used in the ball. Element
widths ranged from 15 um at the initial contact region and
20 um further afield. This lead to a more precise wear track
width capture on the ball surfaces than on the disc surfaces. A
typical variation on the wear track widths of ball and disc are
insignificant. Thus, the wear track width of the ball surface
was selected for comparison with the test results. The curve
fitting and extrapolation plots for Case 5Na are given in the
supplementary information section. Figures B.3a and B.3b
are for the ball wear depth, and Figures B.4a and B.4b are
for disc wear depth prediction. Figures B.5a and B.3b show
prediction of wear scar width of ball.

The wear step size of 3 was used for the 5SNa case. The
resultant ball wear profile is compared with the test result
in Figure 18a. FEA predicted wear scar depth was 398.46
um and the measured depth from test was 433.73 + 0.92 um.
Likewise, the wear profiles from the FEA are compared with
test results at 12 o’clock and 6 o’clock positions in Figure 18b.
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Figure 17: Case 2Na - FEA results comparison with the test
results

The remaining 3 o’clock and 9 o’clock positions are plotted
in Figure B.6 of the Supplementary section. Wear profiles
at 12 o’clock and 6 o’clock positions maintain parabolic pro-
files, while the profiles at 3 o’clock and 9 o’clock positions
are asymmetric. FEA predicted profiles matched well with
the profile at 6 o’clock positions. A detailed comparison
summary is given in Table 6.

Test results were also compared with semi-analytical re-
sults. The SA method predicted nominal wear depths and
widths. Similar wear depths and widths as those predicted
by FEA are observed for both cases. Due to the significant
variation in wear profiles of the disc surfaces, the FEA and
SA predicted results are within the measured dimensions but
it is difficult to preform direct comparisons of the worn pro-
files. Nonetheless, a comparison with mean wear heights
and depths were carried out for illustrative purpose. The
maximum deviation for both FEA cases was 11%, including
the error margin for the disc wear track height. Unlike the
disc wear tracks, the ball wear profiles do not have signifi-
cant variations and are predicted better by both FEA and SA
methods. The maximum deviations were for Case SNa. The
results obtained using FEA underpredicted ball wear height
by 8% while the SA method underpredicted ball wear width
by 4%.

These comparisons show FEA results should be used
cautiously when wear depths and widths are asymmetrical
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Figure 18: Case 5Na - FEA results comparison with the test
results

and irregular. The method, as implemented in the current
framework, does not allow to explicitly consider the local
variations at the contact interfaces, which are responsible
for the inhomogeneous evolution of the worn surfaces. The
FEA predicted wear profiles are therefore only representative
of actual profiles, and the complex phenomena resulting in
irregular wear tracks are not captured.
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Table 6

Comparison of the sliding wear tests results with FEA and semi-analytical methods
Test number 2Na 5Na

Test FEA SA Test FEA

Disc: h [um] 7.07 + 0.49 8.03 7.11 11.62 + 1.90 8.65 8.63
Disc: 2a [um] 1895.74 + 19.66 1858.44 1870.42 3915.54 + 40.16 3856.64*  4002.34
Ball: h [um] 88.51 + 0.40 93.25 88.20 433.73 + 0.92 398.46 417.86
Ball: 2a [um]  1903.38 + 39.27 1929.43 1870.41 4033.06 + 11.78  3856.64  4002.34

* R2 |less than 0.85 so ignored for extrapolation.
Taken same as ball wear track width for comparison.

RR2450 vs Haynes 25 Stellite 20 vs Haynes 25

Wear volumes [mm?] Wear volumes [mm?]
Load [N] Temp. [°C] | Test name  Ball Disc Test name Ball Disc
10 RT 1Na 0.028 0.292 + 0.033 1Na-St <0.01 + - 0.124 + 0.053
10 RT INb 0.013 0.471 + 0.024 1INb-St 0.056 + 0.001 0.290 + 0.038
10 100 2Na 0.122  0.500 =+ 0.057 2Na-St 0.004 + 0.001 0.280 + 0.041
10 100 2Nb 0.116  0.695 + 0.090 2Nb-St 0.095 + 0.001  0.310 + 0.065
10 200 3Na 0.371  0.496 + 0.054 3Na-St 0.818 + 0.018 0.834 + 0.213
10 200 3Nb 0.307 0.534 + 0.046 3Nb-St 0.947 + 0.031 0.625 + 0.261
35 RT 4Na 0.122 0.763 + 0.092 4Na-St 0.125 + 0.043  3.120 + 0.487
35 RT 4Nb 0.207 0.663 + 0.039 4Nb-St 0.281 + 0.030 1.810 + 0.203
35 100 5Na 2.666 1.305 + 0.289 5Na-St 2.020 + 0.195 2.110 + 0.324
35 100 5Nb 1.118 0.976 + 0.089 5Nb-St 4.100 + 1.200 3.050 + 0.645
35 200 6Na 1.549 0.739 + 0.053 6Na-St 5.820 + 0.185 1.780 + 0.412
35 200 6Nb 1.261 0.894 + 0.047 6Nb-St 9.620 + 0.265 1.050 + 0.745

Table 7

Comparison of the test results from this study with the previous study [59] using tribometer

of UoN

5. Discussions

The first objective of this paper is to detail the wear re-
sistance properties of RR2450 alloy against the Haynes 25
counterface. A previous study by McCarron et al. [5S9] com-
pared the wear resistance of Stellite 20 balls against Haynes
25 disc counterfaces. The same tribometers were used for
this study. Stellite 20 is a similar Co-based alloy to Stellite
6, a common hardfacing alloy used in the primary circuit of
PWRs. Stellite 20 has 33 wt% Cr, 16 wt% W and high carbon
content of 2.45 wt%. Hardness is also higher than RR2450
at 56-63 HRC (612-775 HV). Wear volumes in this paper
were compared with wear volumes given in McCarron et al.
[59]. The comparison for each of the test cases are given in
Table 7. Since the wear loss volumes reported for the ball’s
wear scar are calculated using the LEXT OLS5000 confocal
microscope, so no errors are reported. The errors reported for
the disc wear volume loss are statistical errors based on the
standard deviation of the measurements. Meanwhile, McCar-
ron et al. [59] used a while light interferometer to measure
wear volumes. It showed RR2450 ball performed better at
room temperature under 10 N load than the Stellite 20 ball.
In contrast, with the increased temperature to 100 °C, the
wear resistance of Stellite 20 was superior. The comparison
also showed that the combined wear volume of the ball and
disc was greater for the Stellite 20-Haynes 25 contact pair
in each temperature condition apart from one experimental

outlier at 100 °C.

Both sets of experimental results indicate that RR2450
demonstrates better wear resistance to Stellite 20, particularly
at the higher load cases of 35 N. With an increase in normal
load to 35 N, an increase in wear resistance of RR2450 com-
pared to Stellite 20 was observed. Wear volume measured on
the Haynes 25 discs was also notably lower on the RR2450-
Haynes 25 experiments than on the Stellite 20-Haynes 25
experiments. In both cases, under a load of 35N, the wear of
Haynes 25 decreased slightly with an increase in temperature.
There was no noteworthy impact on the wear performance
of Haynes 25 in either loading condition, omitting results
considered experimental outliers.

The Stellite 20 ball wear volumes increased with high
temperatures. For instance, Table 7 shows wear volumes of
Stellite 20 balls are 2-4 times higher than that of RR2450
balls. This increase in wear loss of Stellites is attributed
to tribocorrosion. [60, 61] Tribocorrosion is a process that
combines wear and corrosion. It occurs when mechanical
interactions and electrochemical processes cause the counter-
faces to corrode faster than they would under static conditions.
The corrosion also enhances the wear process. [62] Ratia
et al. [61] proposed rate of oxidation of Stellite alloys in-
creases with increased temperatures. This oxide layer is then
repeatedly worn away by mechanical forces, which leads to
more wear at higher temperatures. Meanwhile, the sliding
wear tests of RR2450 balls at high temperature showed mass
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loss increase was not as steep as that of Stellite 20. It was not
possible to decouple the wear and corrosion contribution to
the mass loss of RR2450 with the current tribometer setup.
An electrochemical measurement system is required to be
integrated with the tribometer to quantify the contribution of
tribocorrosion. It is a part of the future work.

The wear surface characterisation detailed in Section 4.3
showed polished appearance of the ball scar in the 200 °C
temperature condition under a load of 35 N. Unlike Stellite
20, the effect of tribocorrosion is not pronounced for RR2450
balls. The wear volumes of balls at 200 °C are similar to
that at 100 °C. The presence of protective oxide glaze layers
reduced wear through the repetitive removal of the formed
corrosion films.

Figure 19: Pits and crevices observed on clean surface of
RR2450 ball

The microstructural investigation of the RR2450 alloy
showed the formation of voids which can be reduced by a
robust HIP process. The presence of hard silicide phases has
a detrimental effect on the wear resistance of the counterface.
Thus, there is an opportunity to improve the manufacturing
process of RR2450 alloy and re-evaluate the alloy with opti-
mised elemental composition. Upscaling the manufacturing
process of these alloys can be challenging until the required
quality control are in place.

The possibility for increasing the wear resistance of Fe-
based hardfacing alloy without significantly reducing cor-
rosion resistance has been demonstrated by alloying with
nitrogen (> 0.2 wt%) in Nitronic 60 and Nitromaxx. Picker-
ing [63] showed a stronger reduction of SFE can be achieved
by adding nitrogen. Additional benefits of high homoge-
neously distributed nitrogen content can increase solution
strengthening and nitride formation.

Traditionally, carbides have been the focus for improving
the wear resistance of hardfacing alloys. The presence of
carbides, along with the silicides and nitrides, have strength-
ened Fe-based hardfacing alloys. Further study is required
to quantify the effect of each of the hard phases. The hard-
ness, wear resistance and toughness of these phases can be
measured and used to determine the optimum ratio of these
phases to get the ideal toughness vs hardness ratio. This

would require significant material characterisations and wear
tests. An alternative would be to use the simulation tech-
niques to determine the optimum ratio of the phases. The
ideal elemental composition of metallic alloys can be deter-
mined using various simulation techniques, such as molecular
dynamics simulations, Monte Carlo simulations, and finite
element analysis [64, 65, 66]. These simulations can shed
light on how alloys behave at the atomic and molecular lev-
els by considering elements like crystal structure, flaws, and
microstructure. Generally, simulations are an effective tech-
nique for designing and optimising metallic alloys and can
accelerate the development of novel materials with enhanced
properties.

The most significant discrepancies in volume losses be-
tween the repeats were in Cases 5Na and 5Nb (N-35 N 100
°C). Volume losses of Case 5Na were 2.66 mm3, 1.30 +
0.29 mm3 for the ball and disc, respectively. Meanwhile, a
lower volume loss of 1.11 mm? was obtained for the ball
and 0.97 + 0.09 mm?> was obtained for the disc in Case SNb.
Investigation of the ball surfaces revealed defects during ball
manufacturing process. Figure 19 shows SEM images of an
area of the RR2450 ball with pits and crevices. Figures 19a
and 19b show BSE and SE images of 10 um - 20 um pits.
Meanwhile, Figure 19¢ and 19d show BSE and SE images
of bigger crevices of over 50 um. These features were ob-
served frequently at multiple random locations on the ball
surfaces. The dispersion of these pits was not even or uniform
and could have contributed to the lack of repeatability seen
in all tests. These sliding tests are the first ever to be con-
ducted using RR2450 alloy and the first attempt at converting
RR2450 powder alloys into balls. Reduction in powder par-
ticle sizes and better surface finish will remove the surface
defects observed, thus improving the sliding wear resistance.
Following these tests, another batch of RR2450 balls was
prepared for further sliding tests. The improvement in the
manufacturing process meant the number of the pits were
significantly reduced. Averaged surface roughness was also
reduced to Ra = 0.2 um and Rq = 0.04 um. Porosity was
also reduced but to a lesser extent. Further improvement in
the manufacturing process is needed to reduce porosity.

A torque meter recorded torque throughout the RR2450
vs Haynes 25 sliding wear tests. The torque values were
then converted to friction coefficients. Figure 20 shows the
relationship between load, temperature and friction. Only the
first repeats of each test case are plotted here. As expected,
the wear coefficients increased with the increased normal
loads. The coefficient of friction measured for the first 500
cycles of sliding at room temperature was higher than at 100
°C and 200 °C tests for both loading conditions. Significant
variations in friction coefficients were observed during the
transition from the early running-in phase to a stabilised
phase. This transition typically occurred within the first 200
cycles.

The second objective of this paper was to show the valid-
ity of the FEA models when non-uniform wear profiles were
observed in the tests. The current FEA results are based on ho-
mogeneous materials, which is a simplification in the absence
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Figure 20: Friction comparison of tests performed for Cases 1Na through to 6Na

of detailed microstructural properties. The presented method
cannot capture the significant variation of disc wear track
profiles. Nonetheless, the presented method predicted the
nominal wear profile. The non-uniformity of the wear track
is governed by micro-level asperities, localised roughness,
localised harder phases and localised tribologically trans-
formed regions. The FEA method used here can be refined
by considering localised variations by adjusting the hardness
of the localised areas and introducing asperities in the model.

The study of local surface tribochemistry will show the
chemical reactions that occurs at the contact surfaces and
the effect on wear, friction, frictional heat and corrosion
properties locally. The current tribometer instrumentation is
not able to capture local surface tribochemistry. So future
studies can account for tribochesmitry that can show how
new compounds and tribofilms are generated and their effect
on wear. This can be also incorporated in the FEA results
by changing the surface properties, such as local friction
coefficient and material hardness. These changes can also
be potentially coupled to changes in the surface topography,
which results in localised stress concentrations and reduction
of contact area between the surfaces. This in turn can be
linked to an increase friction and thus more wear.

Broadly speaking, change in material properties at the tri-
bologically transformed region will change the local stiffness
and strength, change thermal conductivity of materials, and
change the corrosion resistance of the materials. Simulation
studies focusing on tribochemistry (and/or mechanochem-
istry) and wear have recently provided a relatively new area
of study, which is receiving increasing attention given the
improvement of modelling tools and resources to include
different chemical, physical and mechanical effects as well
as linking simulations across the scales. Semi-deterministic
tribochemical models can be developed at the required length

scale as for example done to study both topographical vari-
ations and tribochemical evolutions by some researchers
[67, 68, 69], while mechanochemical reactions can also be
captured using molecular dynamics simulations, as suggested
by Vakis et al. [70]; this has recently led to workflows that can
provide very useful information about the evolution of the
surfaces for many different compounds and surfaces, which
are very rich phenomena [71, 72, 73], and can also be di-
rectly linked to film formation at the larger scales via recently
developed mesoscale bridging methods [74].

Since FEA is a versatile tool, the developed method is
applicable to a wide range of sliding wear tests. Changes in
local surface topography can be modelled in FEA using sub-
routines such as UMESHMOTION and FRIC. To enhance
the model further, the variation of material properties at tri-
bologically transferred regions can also be modelled in FEA
using subroutines such as UMAT to define the mechanical
constitutive behaviour of a material and its evolution at an
elemental level.

6. Concluding Remarks

The excellent wear and corrosion resistance of Co-based
alloys make them desirable for tribological applications in
the nuclear industry. However, neutron activation of the Co-
based alloys leads to significant occupational radiation doses.
An alternative Fe-based alloy called RR2450 was developed
by Rolls-Royce plc to replace Co-based alloys. This is the first
comprehensive study evaluating the sliding wear resistance
of RR2450 in the representative PWR conditions.

RR2450 is a highly alloyed derivative of Tristelle 5183, a
Fe-based stainless steel alloy. Duplex austenitic and ferritic
phases are present in RR2450. It also contains a high fraction
of carbides and hard silicide phases. The sliding counter-
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face of RR2450 balls was Haynes 25 discs. Haynes 25 is
a Co-based alloy commonly used for rolling and raceway
components of rolling element bearings. A total of 16 sliding
tests were conducted using two tribometers at two labs. Four
tests were carried out at Imperial College London at ambient
temperature and at 80 °C. The remaining twelve tests were
performed at ambient temperature, 100 °C and 200 °C in an
autoclave at the University of Nottingham. The total volume
loss of the disc ranged between 4 times and 8 times higher
than the volume loss of balls for 10 N load and lower temper-
ature cases. However, at the higher load of 35 N and higher
temperatures of 100 °C and 200 °C, significant wear loss is
observed on the balls. Meanwhile, there was no significant
change in the volume loss of the disc counterfaces at these
high-temperature high-load cases. The wear performance of
the RR2450 balls degraded at higher loads and temperatures.
Ball’s volume loss for the Tests 3Na, 3Nb (N-10 N 200 °C) is
around double when compared with Tests 2Na, 2Nb (N-10 N
100 °C) and Tests 4Na, 4Nb (N-35 N RT). The variation of
disc wear volumes for all three cases is significantly less. This
shows temperature plays an important role in the degradation
of wear resistance properties of RR2450 balls.

Among these tests, two wear tests with uneven wear tracks
at two normal load cases were selected for detailed 3D finite
element analysis. Cases 2Na (N-10 N 100 °C) and 5Na (N-35
N 100 °C) had the highest variations on wear track dimen-
sions. A previously developed FEA method appropriate for
3D surfaces was used where contact pressures are calculated
on both surfaces. In the absence of localised wear rates,
averaged wear rates of the ball and disc surfaces from the
tests were used to generate representative wear profiles of
the ball and disc surfaces. The maximum deviations from
the mean wear profiles were for Case SNa. While current
FEA results are based on homogeneous materials and can-
not capture significant variations in wear track profiles, the
method presented was able to predict nominal wear profile.
Non-uniformity of wear tracks is influenced by micro-level as-
perities, localised roughness, and tribologically transformed
regions. To improve FEA models, hardness of localised areas
can be adjusted and asperities can be introduced.

The microstructural investigation of the RR2450 alloy
showed the formation of voids that become pits and crevices
on the surface. The voids and the presence of hard silicide
phases have a detrimental effect on the wear resistance of
the counterface. A comparison with like-for-like tests re-
sults with a Co-based alloy, Stellite 20, was carried out. The
comparison showed RR24550 demonstrates similar wear re-
sistance to Co-based alloys at nuclear reactor conditions.
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Highlights

Experimental and numerical investigations of sliding wear behaviour of an Fe-based Alloy for PWR
Wear Resistance Applications

Ajit Bastola,Ruby McCarron,Philip Shipway,David Stewart,Daniele Dini

e Wear resistance screening using two tribometers operating between ambient and 200 °C, including autoclave conditions,
for a new alloy called RR2450

The first study on sliding wear behaviour of RR2450 alloy in pressurised water conditions on Haynes 25 counterface

Comparable wear resistance of RR2450 alloy is observed when compared with a Co-based alloy, Stellite 20

e Prediction of representative wear profiles based on wear track measurements using 3D finite element analysis
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This paper analyses the sliding wear behaviour of RR2450 alloy on Haynes 25 counterface at ambient temperature, 80 ‘C or 100 ‘C and
200 “C with 10 N and 35 N loads. The pin-on-disc type sliding tests (a) were carried out to determine the wear track profiles of the disc (b)
and the ball (c). Volume losses (d) for each of the 16 sliding tests were calculated. Finite Element Analysis was used to determine
representative wear profiles for asymmetrical and irregular wear tracks (e) and wear scars (f). Analysis of the wear track (g) and scar (h)
showed tribologically transformed regions with wear debris adhesion and material transfer.
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