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Abstract

Fretting regime transition is traditionally achieved by qualitative assessment of the fretting loops
(tangential force, Q vs tangential displacement &) and material response. Other studies used
parameters in which thresholds are theoretically determined to exceed friction at the contact for
regime transition identification. This study successfully developed a flexible loop analysis method
based on simple vector principles that is able to quantify and characterise its constituent parts. In
terms of fretting contact analysis the loop analysis method provided a complementary method of
regime transition identification to those based on theoretically overcoming friction at the contact,
with strong agreement between the two. This novel method provides an efficient way to correlate
regime transition with other data sets, with additional insights into the mechanical response of the
contact compared to other regime transition criteria. Possible applications of this method include
enabling smart asset monitoring and in the development of engineering components that are
subject to fretting. This is an extremely flexible technique that has applicability for other types of
loop analysis.
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1. Introduction

Fretting is relatively small-amplitude oscillatory movement between two surfaces. The small-
amplitude nature means that detection is difficult, resulting in either catastrophic failure or
expensive maintenance programmes 2, It occurs in many systems that are subject to cyclic loads
such as: suspension cables, dovetail joints in turbine engines, electrical contacts and heat exchangers
3. There is an intimate link with corrosion leading to a complex degradation mechanism “.
Orthopaedic implants are one such example where fretting-corrosion is a significant degradation
mechanism leading to early failure >¢. Depending on the working conditions, different regimes can
be achieved and are associated with different degradation mechanisms ’. The partial slip regime
(PSR) is more commonly associated with fretting fatigue crack formation and the gross slip regime
(GSR) with fretting wear. The regime acting at an interface is dependent on a number of different
variables. However, within a given contact this is predominately determined by normal load (W) and
tangential force (Q) or displacement (&) 8. Running condition fretting maps (W vs &) of particular
contacts are a convenient way to demonstrate how transition is achieved °. Transition from PSR to
GSR can be achieved by either increasing § above a critical amount to overcome the dominant



elastic deformation of the contact under a constant normal load or, decreasing W below a critical
amount with a constant §.

Considering a Hertzian contact, different regimes demonstrate characteristic fretting loops (Q vs &
graphs) and material responses 7. PSR fretting loops demonstrate a narrow hysteresis loop
associated with plastic shear and fatigue crack formation. Mindlin was the first to introduce the
presence a central stick region with limited degradation due to sufficient normal stress to prevent
slip, surrounded by an outer slip region where normal stress is insufficient in preventing slip 1°. The
GSR fretting loop displays a larger elongated hysteresis loop. This larger loop is associated with
surface and bulk plastic deformation and shearing of connecting asperities for fretting wear. The
mixed fretting regime (MFR) is where transition between the GSR and PSR exists under constant
working conditions close to critical values of § and W, resulting in highly transient and unpredictable
processes at the interface 1. Fretting contacts are extremely complex and transient in nature due to
the cyclic loading where material can either escape or be retained altering the working conditions
with time %13, Further complication and interactions can arise from humidity, oxide formation and
presence of boundary lubricants . The tribologically transformed structure is one such reported
phenomena which illustrates how these factors can interact *°.

Traditionally, qualitative assessment of the shape of the fretting loops and material response were
used to differentiate between regimes ”8. Other studies have attempted to assess transition in a
more objective manner using Mindlin’s slip ratio 6, progression of the coefficient of friction (u) ¥,
fretting energy dissipation (ratio, A)**%, slip ratio (D) #2%2272% and slip index (&;)*. Table 1 details the
transition criteria used by literature.



Table 1 Summary of used transition criteria by literature.

Parameter Expression Threshold Value(s)/
Transition Criteria
Mindlin’s Slip ' 1 d
3 0<—<1PSR
Ratio 1° ¢ _ (1 - i) a
a uw
< = 1GSR
a

When the static

Coefficient of _Q
u= W coefficient of friction

Friction 8
has been overcome and
no longer varies with
tangential displacement
amplitude (§).
Energy Ratio 8 4 = Ea _ Dissipated Energy A < 0.2PSR
E; Total Energy
A > 0.2 GSR
Slip Ratio 8 D= o _ Displacement Amplitude at zero Q D < 0.26 PSR
6* Maximum Displacement Amplitude
D > 0.26 GSR
o . . N 0.5 < §; < 0.6 PSR
Slip Index 5 = 'S, _ Displacement Amplitude X Elastic Slope of friction Loop

w N lload
ormation 0.8 < &, < 10 GSR

The ability to use parameters to differentiate between regimes has allowed correlation to other data
sets, enabling the innovation of asset monitoring devices. Ito et al. found that peaks in acoustic
emission did not occur in the PSR but occurred in the GSR when pure slip was achieved i.e. increase
in tangential displacement without an increase tangential force ’. Mindlin’s ratio is a purely
theoretical value and based on assumptions which are difficult to qualify. The progression of friction
coefficient (CoF) used to identify regime transition requires observation throughout experiments or
using predetermined values of 'y’ '8, Dissipated fretting energy (area bound by the fretting loop, E;)
has found to experience a sudden dramatic increase or decrease during regime transition °. Fretting
energy and total energy (area bound by the smallest possible rectangle containing a fretting loop, E.)
ratio (4) threshold allows instantaneous identification of regime by theoretically determining when
static friction has been overcome 18202126 This method provides an approximation of fretting loop
shape variation and transition identification, however provides limited insight into the amount of
material compliance and an understanding of what is happening at the contact 32, The sliding
amplitude to displacement amplitude ratio (D) is an alternative method of identifying regime
transition?*?*. Where a ratio 0.3 and below was the PSR and above 0.4 the GSR, based on
theoretically overcoming static friction at a ratio of 0.26 %!, However, measuring and
differentiating between slip amplitude and displacement amplitude in practice can be difficult and
introduces a certain level of error. The Buckingham-mt theorem was used to define slip ratio as a



function of contact stiffness (S.), displacement amplitude (6*) and normal load (W) otherwise
known as slip index (§;) %. Regime transition using the slip index was established by experimentally
observing the relationship with the CoF, providing a transition criteria independent of the system
and fretting rig mechanical response. However, the transition points between PSR and GSR using this
method differed from transition points identified by the slip ratio. Suciu and Uchida developed a
fretting loop simulation where ellipse, super ellipse and parallelogram can model the fretting loops
for different regimes 2*. They hypothesised that “ellipticity” and rotation of the ellipse can allow
regime identification. Heredia and Fouvry, used the percentage number of gross slip cycles in an
experiment to aid the identification of critial working conditions, more specifically critical values of
8, by objectively identifying between the GSR, MFR and PSR 2.

The ability to quantify and characterise the mechanical response of a fretting contact to determine
between fretting regimes, in an objective and empirical method, can provide a repeatable and
robust detection method. This paper details the development of a numerical method that provides
accurate, precise and objective fretting regime identification and quantification in real time. This
numerical method was based on experimental fretting data but has applicability for other types of
loop analysis.

2. Materials and Methods
2.1.Experimental set up

A bespoke in-house built fretting tribometer was used in this study, a 3D Schematic of which can be
seen in Fig. 1. The tribometer consisted of an electrodynamic shaker (GWV55/PA300E, Signal Force)
which produced oscillatory tangential displacements and a cantilever system which applied normal
load (W) through the contact. Tangential load (Q) was measured using a load cell in the shaker arm
and tangential displacement was measured using an optical displacement sensor which reflected
from an attachment on the shaker arm. Fretting rig control and mechanical data acquisition were
achieved using a LabVIEW programme. The contact geometry was a bearing steel ball, diameter
12.7 mm (Epqu = 180 GPa, vy = 0.3) on a flat X65 carbon steel disk (Efic = 200 GPa, vfia: = 0.3).
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Fig. 1 3D Schematic of experimental set up.

The fretting experiments all ran at a frequency of 3 Hz, with normal load of 50 N providing a
Hertzian mean contact pressure of approximately 917 MPa. The experiments ran for 1,500 cycles
which allowed the fretting rig to achieve a steady state after a period of running-in. The length of
this running-in period varied between the different experiments, decreasing with increasing
tangential displacement (6*), for example at §* = +100 um the running period ended at around
350 cycles while the running-in period ended at around 1050 cycles at §* = +25 um as shown in
Fig. 5 and Fig. 8. Three repeats were undertaken at each tangential displacement amplitude (6): 25,
50, 75 and 100 um. Tangential force (Q) and tangential displacement (§) from the fretting rig were
recorded at 600 Hz and exported to allow analysis using Matlab (R2017b, MathWorks).

2.2.Numerical Analysis

Characterisation of the fretting loops was performed by identifying the proportions due to elastic
material response and pure slip (see Fig. 2). This was done by calculating the vector direction and
magnitude between two consecutive data points within a fretting loop and repeated for all data
points (Fig. 2a and b). The calculated vectors were then sorted and binned into ‘N’ equally spaced
direction categories, the range of each direction category equal to that of 180° divided by N. This
study considered the each vector as a line of travel and as such binned vectors of opposing direction
into the same category, as shown in Fig. 2c.
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Fig. 2 Schematics showing progression of numerical analysis method (a) example plot of raw data Q against
6 with fewer data points for visual representation, (b) illustration of vector magnitude (m) and vector
direction calculation between each point in a fretting loop and (c) schematic of the 11 categories created to
characterise the fretting loops without convolution. NB the approximate angles the categories (where N =
11) correspond to approximately +8.2° to that stated in this figure.

This experiment used a value of N = 11, providing adequate detail for characterisation without
convolution. Fig. 3 shows the effects of changing ‘N’ for this study’s particular contact stiffness.
Smaller values of ‘N’ increase the range of angles for each category, and risk losing information
where vectors indicating different responses can become grouped together causing inconclusive
results (e.g. when N = 5 both 0° and 16° fall within the same category as shown in Fig. 3). Increasing
‘N’ distributes data between neighbouring categories reducing the overall significance of any one
category (e.g. where N = 121 Fig. 3, the elastic response of the fretting loop was split into three
categories). Although a higher resolution can be achieved with a greater value of N, for the purposes
of regime transition identification N = 11 was adequate as indicated by Fig. 3. An odd number for
‘N’ was also used to provide a convenient category for pure slip i.e. no increase in Q with increasing
6. The other categories provided easy identification of when friction at the contact was exceeded
and provided information on the contact compliance. However, the category system can be changed
to suit individual system setups.

N=11

Fig. 3 Schematic demonstration of the effect of increasing or decreasing ‘N’ for this study’s particular
contact stiffness.



The vector direction category (a) and magnitude (m) were calculated using simple trigonometry (Eqg.
1) and Pythagoras’ theorem (Eq. 2).

o - [N <90 — tan"1(AQ /A(S))l (1)

180

m = /A8 2 + AQ? (2)

Where A§ is the change in tangiential displacement between the two data points and AQ is the
change in tangiential force between the two data points. This allowed proportional composition of
the fretting loops to be calculated and investigated as the experiments progressed. This was
achieved by plotting the the catagories and the sum of all the catagories (i.e. the summed vector
magnitude of a whole loop) on the same axis to demonstrate shape and size progression. Clearer
visulisation of proportional fretting loop composition was achieved by plotting normalised
proportional compositions.

This study employed an element of data smoothing by collecting fretting loops into groups of ten
before the proportional compositions were determined. Fig. 4 shows the difference in vector
analysis on a loop by loop basis and by grouping the loops into ten before proportional composition
determination. This provided clear fretting loop characterisation as demonstrated in Fig. 4, which
plots percentage a¢, corresponding to gross slip.
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Fig. 4 Example plot of the percentage a¢ over ten cycles compared to every cycle.

Fretting energy (E;) was calculated as area bound by the fretting loop using the “polyarea” Matlab
function. Total dissipated energy (E;) was approximated as the area of the smallest rectangle able to
contain each fretting loop.

3. Results

At §* = £ 25 pm the contact was in the PSR, demonstrated by the narrow hysteresis loops (Fig. 5a)
and absence of the approximately horizontal relationship between Q and §. Fretting energy ratio
(E;/E;) showed a gradual but, negligible increase as the experiment progressed, never exceeding
the threshold of 0.2 indicating that static friction had not been exceeded *8 (Fig. 5b). The fretting
loops were predominately composed of as (the +16° category) which correlated to the contact
stiffness. Other categories were negligible and were therefore not plotted a4 (the 0° category) was



also negligible consistent with the static friction of the interface not being exceeded, see Fig. 5¢c and
d. Considering thresholds for fretting energy ratio and slip ratio that indicate the onset of the GSR *;
this study utilised a 10 % fretting loop composition of a4 threshold. Where if more than 10 % of the
fretting loop was composed of pure slip (a¢) it was considered to be firmly within the GSR,
independent of the contact geometry. The normalised fretting loop proportional composition plots
clearly show that the percentage composition of ag was firmly below the 10 % threshold throughout

the experiment indicating the PSR.
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Fig. 5 The §* = +25 um experiment, (a) fretting loops from three regions demonstrating representative
fretting behaviour throughout the experiment: (i) Region 1 at the start (ii)Region 2 mid test and (iii) Region 3
towards the end, (b) fretting energy to total energy ratio with the 0.2 threshold indicated, (c) normalised
percentage fretting loop direction composition with 10 % threshold and, (d) the relative fretting loop direction
composition with indicated ‘Total activity’ indicating 100 % total fretting loop vector magnitude (i.e. the total
perimeter of the fretting loop) and threshold at 10% of the total activity. The running in period is indicated as

the shaded grey region in b, c and d.

At 6* =+ 50 um experiment contact was within the MFR. This was demonstrated by narrow
hysteresis loops, which transitioned after the running-in period, over region 2 in Fig. 6a. Fretting
energy ratio (Fig. 6b) presented an increase from around 0.05 to around 0.33. There was a strong
correlation between the fretting energy ratio and changes in a,, comparing Fig. 6b and d.



Importantly, the transition over the threshold of 0.2 was seen at a similar number of cycles as when
the 10 % threshold was crossed by the a4 proportional composition (cycle number 620 and 610
when comparing Fig. 6b to c). The fretting loops were predominately composed of as prior to
transition (Fig. 6¢c and d). After transition, ag became more prominent, varying between 30 and 40 %
of the total vector magnitude. Interestingly, the magnitude of a; remained constant as shown in Fig.
6d corresponding to friction at the contact being overcome, while changes in total magnitude were a

function of changes in ag.
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Fig. 6 The 8" +50 wm experiment, (a) fretting loops from three regions demonstrating representative fretting
behaviour throughout the experiment: (i) Region 1 within the running-in period (ii) Region 2 over transition
according to the 10 % a4 and 0.2 energy ratio thresholds and (iii) Region 3 once the experiment had fully developed,
(b) fretting energy to total energy ratio with the 0.2 threshold indicated, (b) fretting energy to total energy ratio
with the 0.2 threshold indicated, (c) normalised percentage fretting loop direction composition with 10 % threshold
and, (d) the relative fretting loop direction composition with indicated ‘Total activity’ indicating 100 % total fretting
loop vector magnitude (i.e. the total perimeter of the fretting loop) and threshold at 10% of the total activity. The
running in period is indicated as the shaded grey region in b, c and d.

The §* = 75 pum experiment was in the GSR demonstrated by the plots of representative fretting
loops (Fig. 7a). Transition occurred over Region 1 in Fig. 7a within the running-in period (Fig. 7c, d).
The fretting loops demonstrated larger proportion of horizontal relationship than the 6* =+ 50 um
experiment. Fretting energy ratio presented a significant increase from around 0.15 to around 0.5.



Again, there was a strong correlation between fretting energy ratio and changes in a, composition
(comparing Fig. 7b and d). The threshold of 0.2 for the fretting energy ratio was crossed at a very
similar cycle number as the 10% a¢ threshold. Again, the magnitude of as remained constant after
transition (Fig. 7d), and changes in total magnitude are a function of ag activity corresponding to

friction at the contact being overcome.
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Fig. 7 The §* = £75 um experiment, (a) fretting loops from three regions demonstrating representative fretting
behaviour throughout the experiment: (i) Region 1 over transition according to the 10 % ag and 0.2 energy ratio
thresholds (ii) Region 2 mid test and (iii) Region 3 towards the end of the test, (b) fretting energy to total energy
ratio with the 0.2 threshold indicated, (b) fretting energy to total energy ratio with the 0.2 threshold indicated, (c)
normalised percentage fretting loop direction composition with 10 % threshold and, (d) the relative fretting loop
direction composition with indicated ‘Total activity’ indicating 100 % total fretting loop vector magnitude (i.e. the
total perimeter of the fretting loop) and threshold at 10% of the total activity. The running in period is indicated as

the shaded grey region in b, c and d.

The §* = £100 um experiment was in the GSR after the transition within the running-in period over
Region 1 in Fig. 8a. The hysteresis loops displayed a large proportion of horizontal relationship,
greater than the §* = £75 um experiment. There was a strong correlation between the fretting
energy ratio and changes in ag comparing Fig. 8 b and d. Again, transition suggested by the 0.2
threshold for fretting energy ratio occurred at a very similar point at the transition point suggested
by the ag 10% threshold. After running-in, ag became significant even when compared to the §* =+
75 pm experiment, varying between 60 and 70 % (Fig. 8c and d). Again, the magnitude of as

10



remained constant after transition (Fig. 8d), and changes in total magnitude are a function ag activity

corresponding to friction at the contact being exceeded.
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Fig. 8 The §* = £100 um experiment, (a) fretting loops from three regions demonstrating representative fretting
behaviour throughout the experiment: (i) Region 1 over transition according to the 10 % a¢ and 0.2 energy ratio
thresholds (ii) Region 2 mid test and (iii) Region 3 towards the end of the test, (b) fretting energy to total energy ratio
with the 0.2 threshold indicated, (b) fretting energy to total energy ratio with the 0.2 threshold indicated and, (c)
normalised percentage fretting loop direction composition with 10 % threshold, (d) the relative fretting loop direction
composition with indicated ‘Total activity’ indicating 100 % total fretting loop vector magnitude (i.e. the total
perimeter of the fretting loop) and threshold at 10% of the total activity. The running in period is indicated at this

shaded grey region in b, c and d.

The percentage composition of a5 and the 10 % threshold were used to identify transition points.
Fig. 9 demonstrates the transition point as each experiment progressed and the point at which the
running-in period finished for easy identification between the PSR, MFR and GSR.
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Fig. 9 Mean percentage as composition where the shaded areas represent the standard deviation between
the three repeats after the running in period, indicated as after the solid markers. The transition points from
PSR to GSR are indicated by white circular markers outlined in the corresponding colour.

4. Discussion:

This study saw the development of a flexible loop analysis method that was able to quantify and
characterise its constituent parts. This paper details its applicability to a fretting contact for
transition identification independent of the contact geometry, contact compliance and working

conditions. Transition identification was achieved using a 10 % threshold of a, (or ’a(w)' where N
2

is an odd number) from the understanding that the presence of any pure slip indicates the GSR,
underpinned by the regimes fundamental differences while allowing for experimental variation ’.
Interestingly this correlated very closely to the thresholds determined theoretically to overcome
friction underpinned by Mindlin’s work unlike transition identified using slip index %25, This loop
analysis offers additional insight into the stability of each regime as well as the onset of transition.
Providing complementary information to other regime transition identification methods. Specifically,
by understanding how stable each regime is, looking at the proportional composition and how
compliant the contact is from assessment of the characteristic categories providing more
information then fretting energy ratio, slip ratio and slip index used by literature 1820212526,

The selected tangential displacements provided the PSR, MFR and GSR. Ito et al. used similar
working conditions with the exception of a 130 MPa greater average contact pressure. They found
that at 6* = +40 um and below the PSR was achieved and at §* = +£200 um the GSR was achieved
7 Experimental working conditions applied in this work produced the three respective regimes
summarised by the commonly used Running Condition Fretting Map (Fig. 10a) ¥"?%, From results
presented in Fig. 9, the dynamic transition between PSR and GSR as a function of applied
displacement amplitude during the fretting test was easily identified. The “dynamic” context of the
approach relates to the fact that the transition between the regimes can be pinpointed online during
the test as a function of fretting cycles.

12
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Fig. 10 (a) Running Condition Fretting Map. (b) Dynamic Fretting Transition Map indicating the fretting
fatigue limit under steady state condition (i.e. excluding the running-in periods).

The gradient of the non-horizontal components of the fretting loops remains constant throughout
the experiments, being a function of the materials response i.e. the elastic and plastic deformation
of the contact (contact stiffness). This was demonstrated by only variations in as and ag with
absence of any significant activity in any other category. The plateau of as as the fretting rig
achieved steady state for all experiments (with the exemption of the §* = +25 uz experiment)
indicated the point at which the contact stiffness was exceeded. The flexible nature of this method
means that larger values of ‘N’ could theoretically identify the proportional composition of the
elastic and plastic response of the contact however this was beyond the scope of this paper.
Theoretically, if actual contact area (taking into account surface topography) and depth of material
undergoing deformation could be measured, the shear modulus of the material could be calculated
from the gradient of the elastic response of the contact.

Fretting energy ratio is used extensively to differentiate between regimes and closely agreed with
regime transition identification using a 10 % a, composition threshold 2°2%%, The 0.2 energy ratio
threshold provided limited information on what was happening at the contact compared to the
developed numerical method. The proportional composition of a4 allowed determination of how
stable the contact was within its respective regime, while the simultaneous proportional
composition progression of the characteristic ag category provided information on how close the
static friction of the contact is to being exceeded. This was demonstrated by fretting energy ratio for
the §* = £50 um and §* = +75 um experiments suggesting the same regime. However, the
simultaneous calculation of the proportional composition of ag and progression of the characteristic
as category provided easy identification of the MFR. This was achieved by identification of the
steady state using the characteristic ag category.

The ability to characterise fretting loops and accurately identify transition points has many
applications. For example it can be used for correlation testing between data sets for development
of online asset monitoring devices, allowing adjustment of systems to prolong service and increase
efficiency, supporting the concept of Industry 4.0 2°. The additional information this method is
capable of obtaining can also allow the prediction of the onset of transition with possible application
as an early warning system. This loop analysis method could also aid the calculation of wear energy
coefficients as an accurate slip amplitude is important in the development of tribologically critical
engineering components and the development of coatings 1>%. Previous studies have investigated
fretting fatigue crack formation and fretting wear; the ability to know when to apply the correct

13



theory is possible with robust regime identfication and aided by a better understanding of the
amount elastic and plastic compliance 23%31,

5. Conclusions

This study successfully developed a flexible loop analysis method based on simple vector principles,
able to quantify and characterise its constituent parts. In summary this method:
e Provided a complementary method of regime transition identification to those based on
theoretically overcoming friction at the contact.
e Quantify the proportion of pure slip and contact compliance, providing a better
understanding of the stability of the regime.
e Proved to be repeatable under different test conditions and results were consistent to
previous studies under similar working conditions.
This flexible loop analysis method has the potential to differentiate between elastic and plastic
compliance of the contact however this was outside the scope of this paper. One potential limitation
of this technique is that it is not easily applied for direct fretting regime transition detection in asset
monitoring devices as tangential force and displacement are difficult to obtain outside of laboratory
conditions. However, this technique offers an effective development tool for asset monitoring
devices and tribologically critical engineering components and coatings. This is an extremely flexible
technique that has applicability for other types of friction loop analysis.
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