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This work thoroughly mechanically characterizes the DU® metal-polymer coating from GGB Bearing Technology
by augmented multi-scale Instrumented Indentation Test (IIT). Nano-IIT will evaluate the uniformity of the Pb
particles dispersion in the outermost layer. Dynamic nano-IIT will investigate the damping properties of the
material as a function of load frequency. Micro-IIT will tackle the layer thickness evaluation and the gradient of

mechanical properties through the layers by continuous multi-cycle indentations. Data augmentation provided
by synchronous electric contact resistance (ECR) measurements will support the identification of the layer
transitions. The coefficient of friction and the wear coefficient will also be obtained by linear reciprocating pin-
on-disc testing with focus on the specific application to guide bushings for linear pneumatic actuators.

1. Introduction

High-lubricity metal-polymer PTFE-based coating materials were
developed as an alternative to traditional low-friction metallic mate-
rials, like bronze or lead, for sliding bearing elements. This special class
of metal-polymer coatings relies on the exceptionally high tribological
performance of PTFE, which guarantees a friction coefficient lower than
traditional materials. Since their introduction, metal-polymer PTFE-
based coatings have spread throughout the market and covered several
applications in the field of power transmission and automation, where
soft driving of sliding and rotating mechanical components is required
under moderate load with very low frictional losses. Recently, these
materials have also been introduced in bio-mechanical applications and
bio-engineering systems. The peculiar self-lubricating behaviour of
PTFE bears contact load and sustains interfacial sliding motion even
without the addition of any lubricating matter, like oils or greases. This
is a strategic feature for very sensitive applications in controlled envi-
ronments, e.g. for surgery machines and other medical applications, and
in the food industry, where bleeding of fat contaminants must be
absolutely avoided [1].

The application of these coatings is also expedient where the guiding
elements need to withstand the chemical action of corrosive environ-
ments or highly reactive substances like strong acids and bases. In fact,
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PTFE is one of the most resistant and inert substances to chemical
etching because of its extremely high bonding energy, and contact with
aggressive substances like acetone, chloroform, nitric acid or sulfuric
acid is possible for extremely long periods without decomposition of its
chemical structure.

PTFE-based composites usually exhibit a low coefficient of friction
(CoF) values under a wide range of load and speed, both against
themselves and metals [2]. This peculiarity is related to its very low
surface energy, which nullifies the adhesion forces sticking effects with
any other solid material in contact with it. The surface energy of PTFE is
as low as 0.018 J/m?> [3], i.e. hundred times lower than a metal surface.
Furthermore, the formation of a transferred layer made of macromole-
cules stretched in the direction of sliding contributes to friction reduc-
tion [4]. In the case of PTFE against steel, the transfer is quite easy since
fluorine molecular polar heads interact with the metallic material.
However, PTFE at room temperature reacts to contacting bodies,
disclosing a relatively soft viscoelastic behaviour due to its partially
crystalline polymeric structure with low glass transition temperature
(T,) values. Therefore, the characteristic wear rate as pure material is
rather high. When slid against harder bodies, pure PTFE suffers both
plastic flow at the contact region and deep abrasion [5] that produce
wear rates in the order of (4—7) x 10~* mm®/mN against steel [6,7].
Consequently, many strategies have been recently introduced to develop
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PTFE-based composites to increase the mechanical strength and wear
resistance. PTFE may be found in the scientific literature reinforced by
the addition of suitable particles fillers into the polymeric matrix, e.g.
graphite [8] and carbon nanoparticles [9], copper [10], bronze particles
[11] or glass fibers [12]. Khedkar et al. [13] showed that fillers are able
to increase hardness and wear resistance values with limited impact on
the friction coefficient, which remains as low as for pure PTFE. Alter-
natively, it may be co-deposited inside metal coatings, like Ni-coatings,
through sintering-like processes [4].

For the specific application to plain bearings and bushings, metal-
polymer composite coatings with reinforcing low-friction metal struc-
ture proved to be the most effective solution. This technology was first
introduced in 1956 by GGB Inc [14] and exploits the symbiotic tribo-
logical mechanism between PTFE and a low friction tin-bronze porous
structure. This solution optimally combines the mechanical properties of
tin-bronze, which bears part of the contact load preventing PTFE from
wearing out too quickly, and the self-lubricating properties of the pol-
ytetrafluorethylene. Metal-polymer coatings are usually manufactured
as strips composed of a steel sheet reinforcement on which the porous
bronze matrix is sintered with a thickness of (0.2-0.4) mm. Through a
special rolling operation, a PTFE-based polymer is impregnated in the
open porosity of the sintered layer and forms an additional sliding layer
with a thickness on top. PTFE may be enriched with a variety of addi-
tives, e.g. lead [14], graphite [15], molybdenum disulfide [16],
depending on the manufacturer. These composite materials have a
typical coefficient of friction that ranges from 0.4 to 0.22, and high
mechanical strength, up to 20 kN/cm? They can operate at tempera-
tures from — 200 °C up to 280 °C with extraordinary chemical stability
and good thermal conductivity, and they can absorb shocks and vibra-
tion of the contact interface [17].

Among the others, one application of interest for this kind of com-
posite coatings is the manufacturing of guide bushings for linear pneu-
matic actuators. Pneumatic cylinders are one of the most common
actuators used in the industrial field due to their low cost, high clean-
liness and power-to-weight ratio. A fundamental aspect that has recently
allowed them to expand their field of applications is their integration
into servo systems for highly automated Industry 4.0 production lines.
Currently, a major limitation in this regard is the wear-out of the guiding
elements, which causes the rapid deterioration of the sealing elements
and, consequently, the out-of-service condition of the whole system.
This applies especially when radial loads act on the piston rod, for
instance, in cylinders that are required to handle or convey materials.
The guide bushings installed in the front head of the actuator is the
component subjected to the greater reaction force in the presence of
external forces, and the metal-polymer coating may wear out quickly as
a consequence.

The literature reports some research works where component testing
was carried out to investigate the wear process of the guide bushings of
pneumatic actuators [18-20]. Numerical simulations [21] were also
performed to assess how the design of the bushing seat affects the stress
distribution at the bushing-rod interface and the resulting wear. How-
ever, the heterogeneous composition and the multiphasic non-isotropic
structure of the metal-polymer coatings is a challenging aspect to be
dealt with for accurate numerical simulation of the contact problem. A
gradient of mechanical properties is expected along the thickness of
metal-polymer coatings, and some inhomogeneity in the mechanical
behaviour is to be accounted for due to the inherent manufacturing
process.

Despite the wide application of this class of coatings, a thorough
characterization of the mechanical and tribological behaviour of PTFE-
based metal-polymer composite coatings with reinforcing low-friction
metal structure is still missing. To the best of the authors’ knowledge,
the available literature on this topic is represented by a few research
papers, which only presented application-oriented tribological results.
Fote et al. [22] successfully applied the adhesion friction theory to
identify the relationship between CoF and temperature in vacuum
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ball-on-flat tests with a commercial DU® metal-polymer coating against
steel. Tevruz [23] investigated the tribological behaviour of 60%
bronze-filled PTFE bearings with a dedicated journal friction apparatus.
Gungor et al. [24] investigated the wear behaviour of self-manufactured
composite plain bearings made of sintered bronze filled with
graphite-additive PTFE against a rotating steel shaft in dry conditions.
Zhang et al. [25] performed very similar tests with a similar material
exploring the effect of different lubricant media on friction and wear,
including gasoline, engine lubricant oil, glycerol and triethanolamine.
Kuet al. [26] compared a coating made of a sintered porous bronze with
a PTFE overlay with a sintered coating of Al-6Sn-6Si under the typical
tribological conditions of plain bearing supporting the shaft of gas
compressor. Kim et al. [27] presented a study on the effect of burnishing
on the life and linear wear of an modified PTFE+CaF2/Sintered bronze
plain bearings for application in compressors with controlled clearance,
and compared their performance to those of commercial PTFE+Pb/-
Sintered bronze coatings. Goti et al. [28] recently investigated the
tribological behaviour of the commercial DU® metal-polymer coating
used for guide bushing of pneumatic actuators through pin-on-disk tests.

The goal of this research work is to contribute to a thorough char-
acterization of the surface mechanical properties of the PTFE/Sintered
Bronze composite coatings for plain bearings and bushings. Thus far
unreported mechanical characterization will be achieved by Instru-
mented Indentation Tests (IIT) and complemented with tribological
experiments. The mechanical characterization will be innovatively
augmented with in-situ electric contact resistance measurement (ECR)
to correlate electromechanical response to material structure and to
propose non-destructive investigation methods. The characterization
will be performed with a multi-scale approach, also tackling elastic and
viscoelastic properties of the material.

2. Materials and methods

The material considered in this research work is a PTFE-+Pb/Bronze
composite coating manufactured by GGB Bearing Technology Inc
(Thorofare, New Jersey, USA) under the trademark DU®. According to
the datasheet, the nominal composition of the coating consists of steel
lamina as backing coated with a low-friction lining made up of two
superimposed layers. The innermost layer is a porous bronze sintered
structure impregnated with a polymer compound of PTFE filled with Pb;
the nominal thickness is about 280 um. The outermost sliding layer
consists of a 22 pm thick lining made of the same PTFE+Pb compound.
The embedded bronze porous structure strengthens the metal-polymer
coating, while the PTFE-based polymer composite provides self-
lubricating properties. During the running-in period, part of the PTFE-
based material is transferred to the opposite surfaces, forming a pro-
tective third layer that insulates the metallic centrode from direct con-
tact with the coating.

2.1. Microscopy inspection

Topographical characterization was carried out with a coherence
scanning interferometer (CSI) Zygo NewView9000 with a Michelson
objective (magnification 5.5 x, numerical aperture 0.15, field of view of
(1.56 x1.56) mm with squared pixels of 1.56 um side). Ten locations on
the top surface of the outermost layer (PTFE+Pb) were considered. F-
operator to perform plane correction by least-square estimation and a
Gaussian L-filter with a nesting index of 0.8 mm were applied [29-31].
The resulting scale limited (SL)-surface parameters are reported ac-
cording to standard practice [29,32].

Additionally, the coating cross-section was inspected under the op-
tical microscope (Leica Z16 APOA, Germany), as shown in Fig. 1. In
order to accurately measure the thickness of each layer of the coating,
the sample was mounted with a cold curing resin and cut perpendicu-
larly to the surface with a high-speed precision cutting disc 0.1 mm
thick. The rigid mounting resin protected the soft outermost layer during
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Fig. 1. Cross-section view of the DU® coating from GGB Inc with measurement of the characteristic thickness of the innermost and outermost layer.

the cutting operations preventing plastic deformation from occurring.
The formation of chips from plastic flow at the trailing edge of the
cutting disc would have indeed distorted the measurement of the pro-
jected thickness of the layer. Thickness measurements were performed
considering 5 different positions, with a field of view of (0.5 x0.82) mm,
and taking 25 depths measurements from the casting resin edge to the
sintered porous bronze, uniformly spaced. Results are reported in Fig. 1
in terms of average and expanded uncertainty, estimated from the
sample standard deviation with a coverage factor k = 2.

2.2. Instrumented indentation test for mechanical characterization

Instrumented Indentation Test (IIT) is a depth-sensing nonconven-
tional hardness measurement technique allowing the characterization of
materials in terms of indentation hardness Hjr, Young modulus estimate,
i.e. the indentation modulus Ejr, creep and relaxation from macro to
nano scale. IIT applies a loading-holding-unloading force-controlled
cycle with an indenter of known and calibrated shape to a test specimen
[33]. During the indentation cycle, the applied force F and indenter
penetration depth h in the material are measured, and the analysis of the
measured quantities allows characterization relying on fundamental
equations which are standardized [34-36]. IIT allows characterizing
composite materials [37,38], coating and surface treatments [39], dis-
tinguishing and quantitatively characterizing different phases and
structure variations of materials. The calibration of the area shape
function, i.e. a relationship between h and the projected contact area A,
allows resolving properties at the nanoscale [33,40,41]. The indentation
platform requires calibration of the force and displacement scales and of
the frame compliance and geometry of the indenter to ensure trace-
ability and correct systematic errors, mainly due to elastic displacement
and geometric imperfection of the indenter [33,40-42].

IIT data augmentation by in-situ electrical contact resistance (ECR)
allows estimating electromechanical properties, identifying differences
in the microstructure due to a different electrical response [43], and
quantifying critical stress states inducing phase transformation in the

material [44]. ECR relies on a doped-diamond conductive indenter and
applies a controlled current at the contact between the indenter and the
test sample surface. While the indentation cycle is performed, the
voltage is measured, and changes in the contact resistance are appreci-
ated, see Fig. 2, allowing electromechanical characterization [45,46].

In this work, multi-scale characterization is performed by a state-of-
the-art indentation platform Anton Paar STeP6, in-house prototyped to
support ECR measurements, see Fig. 3. The resistance measurement
includes contribution of the electrical connectors, the cables and the
indenter, which are constant during the tests [45,46]. Variation of the
measured resistance is analysed and focused on, to appreciate the
change in the material, neglecting the resistance quantification per each
particular material.

A modified version of the technique consists in applying consecu-
tively at the same location with increasing maximum test force. This
approach is indicated as continuous multi cycle (CMC) [35] and allows
characterizing material properties in depth. In fact, it achieves a char-
acterization of the mechanical properties as a function of the
(increasing) maximum penetration depth h mqy, because each successive
unloading which results in a mechanical characterization value, e.g. Er,
Hyr, can be related to a maximum penetration depth.

More recently, dynamic indentations have been introduced. These
consist of superimposing a sinusoidal trend to a conventional loading-
holding-unloading cycle. Such experimental setup allows evaluating
viscoelastic properties of the material in terms of the loss modulus E~
and the storage modulus E . These represent the complex and real part of
the indentation modulus, i.e. E;z= E + E i, whose evaluation is essential
to provide thorough evaluation of polymeric materials also apt for
damping. The real part E’ represents the storage modulus, the complex
part, i.e., E”, the loss modulus. In particular, the system is modelled as a
parallel connection of a spring Sq and a dashpot Dy, connected in parallel
to a simple harmonic oscillator modelling the system, with mass m,
stiffness ks and damping Ds which require calibration, see Fig. 4, and
oscillating with a period w. Once the transfer function between the
applied load Fyp and the resulting displacement hgo is calibrated, the
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Fig. 2. Force, penetration depth and electrical resistance as a function of test time. Notice the continuous decrease of the measured resistance for increasing contact,
and when a significant unloading has taken place (t > 80 s) an increase of the resistance. Sample indentation on a uniform material.
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(b)

Fig. 3. (a) Scheme of the ECR setup. (b) Experimental setup with state-of-the-art Anton Paar MCT3 and NHT3 prototyped to support the ECR data augmentation in

the Mind4Lab of DIGEP-PoliTO.

_____________ ' s -
I
sample . :
|:| Indentation |

1y m platform

Fig. 4. Dynamic model of the machine (blue) and the sample (red).

phase difference A is known, material properties can be evaluated as in
Eq. (1) [47,48].

E = 1.1
2\/A_,,S ¢ a1
FoVr oDy 1.2)
2./A,
Fao )
Sq = |——|cos(A@) — k; + mw (1.3)
hao
Fal .
wDy; = - sin(Ag) — wD; (1.4)
40

2.2.1. PTFE+Pb characterisation

The mechanical characterization of the outermost coating layer of
PTFE+Pb was performed with a piezoelectric measurement head NHT>.
Quasistatic indentation cycles with loading and unloading of 30 s and a
holding of 10 s were performed. Two indentation maps were performed
on the PTFE+Pb coating at 7 mN and 10 mN. Each map consisted of an
equally spaced grid of 7 x 7 indention with a step of 90 um. Charac-
terization of elastic mechanical properties in terms of Hjr and Ejr is
considered to investigate the homogeneity of the outermost coating
layer.

Additionally, viscoelastic properties of the PTFE+Pb outermost layer

are characterized by dynamic indentation. A set of 15 indentions with a
step of 90 pm was performed with a maximum load of 10 mN. Also, a full
factorial design was deployed to evaluate the loading frequency and the
material effect on the mechanical properties. Different oscillation fre-
quencies superimposed on the holding part of the indentation cycle were
considered, i.e. (1, 2, 3, 5) Hz. The considered frequency range is rele-
vant for the main application of the coating for bushing of linear
pneumatic actuators. Oscillation amplitude was kept at 5% of the
maximum load [47,49]. Additionally, the material response was inves-
tigated considering the PTFE+Pb and a bulk PTFE. ANOVA will be
exploited to assess the influence of sample material and loading
frequency.

2.2.2. Micro-scale characterization

IIT in the micro range is exploited to characterize the material’s
mechanical properties as a function of the distance from the surface by
applying CMC indentation. This methodology allows obtaining results
without cross-sectioning the sample. Micro-IIT aims at characterizing
both layers of the material, i.e. the PTFE+Pb and the porous sintered
Bronze. Micro-IIT data are augmented with ECR to correlate the me-
chanical results with the composition of the multi-layer coating under
investigation, considering that the PTFE+Pb is expected to be signifi-
cantly more insulating than the sintered bronze. Micro-IIT CMC in-
dentations were performed with a state-of-the-art Anton Paar MCT?,
considering 36 indentations. Each CMC consisted of 15 cycles with a
quadratically increasing maximum load from 0.5N to 30 N, with a
loading, holding and unloading each lasting 30 s. Additionally, a second
set of 18 CMC with the same parameters but ranging from 0.01 N to
0.5 N were performed with the NHT® head to gather additional data at
shallow depths.

Regression of the mechanical properties as a function of the pene-
tration depth will be investigated to determine relationship useful for
modelling purposes of the material applications (as discussed in the
introduction) in future work by numerical approaches, e.g. FEM.

ECR was enabled by applying a controlled current source at 10 mA
and limiting the voltage to 6 V. This setup allows safe application of ECR
to avoid sparks and electrical arcs formation but limits the maximum
measured resistance to a saturation value of 600 Q.

2.3. Tribological characterization

Experimental data from rotary pin-on-disk tests against a 6 mm steel
sphere obtained by the authors in a previous investigation [28]
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overestimated the typical wear rate of guide bushings observed during
accelerated endurance tests carried out with a dedicated test rig for
linear pneumatic actuators [19]. Therefore, for this paper, the
pin-on-disk tests were carried out in linear reciprocating sliding motion
against a flat steel pin 2.3 mm in diameter as a counterpart. The average
roughness of the pin was Ra (0.677 + 0.088) um. This testing condition
was preferred to reproduce better the contact state between the guide
bushing of a pneumatic cylinder and the piston rod because some degree
of contact conformity is expected due to geometry and local de-
formations. The average contact pressure on the flat pin was 12 MPa
which corresponds to the maximum pressure on the bushing according
to the available numerical model by Ambu et al. [19]. A TRB tribometer
by Anton Paar was used. The applied load was 50 N for all the tribo-
logical tests, the stroke length was 25 mm and the maximum sliding
speed was 0.25 m/s. The value of the maximum speed was set equal to
the typical rod extension speed in pneumatic cylinders. The samples for
the experimental tests were cut out of a GGB DU® strip used to manu-
facture the bushings of the pneumatic cylinders via deep-drawing.

The total sliding distance was 1900 m. The duration of the tests was
chosen so that the pin could reach through the innermost layer of the
coating, where the sintered bronze structure dominates the behaviour of
the coating. Additional tests were carried out over a set of a shorter
sliding distances, i.e. 130 m, 290 m and 1100 m, to track the evolution
of the wear volume. Four tests were performed for each sliding distance
to cater for measurement reproducibility.

During the tribological tests, tribological data were augmented by an
in-house prototyped system for in-situ electric contact resistance (ECR)
measurements to monitor the state of the interface. The 2-wire resis-
tance measurement was performed by means of a National Instruments
VirtualBench® VB-8012. The Digital MultiMeter (DMM) of the acqui-
sition system was piloted with a LabVIEW routine developed for the
purpose with an acquisition rate of 4 Hz. The schematic of the ECR
measurement setup is provided in Fig. 5. The resistance measurement
includes contribution of the electrical connectors, the cables and the
soldered junctions, which are constant during the tests [45,46]. Varia-
tion of the measured resistance is analysed as the evidence of changes
occurring at the interface, while the quantification of the interface
resistance per se was not of interest.

2.3.1. Wear volume characterization

Volume is characterized in terms of the wear volume V,,, i.e., the
amount of material removed, and galling volume Vy, i.e., the amount of
material plastically displaced [50]. The effective damage is estimated as
in Eq. (2), considering the coating functionality [51].

Vr = ViV, @

The Archard wear rates were estimated based on the values of Vg,
and considering in first approximation the increase in wear volume to be
piecewise linear. Measurements of the damaged volumes are performed
by surface topography measurements carried out before and after the
tribological test to remove the effect of surface topography [52,53].

Tribology International 193 (2024) 109397

Measurements were performed by a coherence scanning interferometer
(CSD) Zygo NewView9000 with a Michelson objective (magnification
5.5 x, numerical aperture 0.15, field of view of (1.56 x1.56) mm with
squared pixels of 1.56 ym side). Measurements were aligned by machine
vision algorithms [52], and subtracted pixel-by-pixel to evaluate the
effect of the wear. On the surface resulting from the difference, V,, and V,
are evaluated as volume topographical parameters, i.e., the void volume
and the material volume with the inverse material ratio set at the un-
deformed reference surface [52,53]. Uncertainty was propagated
considering the metrological characteristics of the surface topography
measuring instrument [53,54]. Table 1

3. RESULTS AND DISCUSSION
3.1. Topographical characterization

Fig. 6 shows a representative measured surface topography. As it can
be appreciated, no significative planarity deviation can be appreciated.
Table 2 reports the main areal surface topographical parameters. Height
parameters (Sa, Sq, SSk, Sku, Sp, Sz) describe a surface dominated by
pits and scratches (Ssk < 0) mostly due to sharp and isolated features
(Sku >> 3). In terms of magnitudes of peaks and valleys, the height
range is evenly split (Sp~Sz/2) [29]. Qualitatively and in agreement
with height parameters, isolated dales are present, mostly corresponding
to surfacing bronze particle, i.e. to region where the outermost layer of
PTFE+Pb was poorly deposited. Spatial parameters (Sal, Str) inform
about autocorrelation and anisotropy. The surface is dominated by
random and poorly autocorrelated topographical elements, Sal indicates
an almost immediate decay of the autocorrelation at 41.65 pum, which is
also fairly isotropic and symmetric at Str= 82.2% [55]. The hybrid
spatial parameter Sdq is the root mean square gradient of the surface
height and indicates a surface without significant and abrupt changes,
thus providing further quantitative information on the severity of the
surface spikiness and complexity [31].

3.2. Mechanical characterization

3.2.1. PTFE+Pb characterisation

Results of the surface mapping in terms of indentation modulus and
indentation hardness are shown in Fig. 7. Maximum penetration depth
resulted in average (3.285 + 0.486) um (see Fig. 8(a)), slightly in excess
to the standard conservative prescription of the 10% of the nominal
PTFE+Pb layer thickness (see Fig. 1) [56]. It is worth noting that such a
prescription is satisfied well when considering the measured thickness
(see Fig. 1). Both the mechanical characteristics did not show significant
departures from normal distribution when tested with an
Anderson-Darling test. However, the greater robustness of the Ejr allows
identifying outliers in the surface, as it is apparent in Fig. 7. Such outliers
can be related to surfacing bronze particles inherent in the material
structure (see Fig. 1). Hypothesis testing (t-test) at a 95% confidence
level could not highlight any systematic differences in the mechanical

Fig. 5. Setup of the 2-wire ECR measuring system for tribological tests.
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Fig. 6. Raw topography of the PTFE+Pb surface measurement.

Table 1
Topographical characterization results in terms of average (m) and standard deviation (s) of 10 measured locations. SL-Surface parameters.
Parameter Sa / ym Sq / pm Ssk / - Sku / - Sp / um Sz / pm Sal / pm Str/ - Sdq / -
m 0.95 1.47 -2.03 18.35 14.54 37.38 41.65 0.822 0.246
H 0.112 0.160 0.902 7.165 8.344 11.94 4.171 0.1247 0.0286
Table 2 Fig. 10(b-c). Increasing the loading frequency results in an apparent
able

Results of mechanical properties regression. Estimated parameters are reported
with estimation uncertainty (95% confidence level, i.e., k = 2).

Ejr / GPa Hyr / MPa
a (1.276 £ 0.0620) GPa (33.15 £ 5.90) MPa
b (9.891 + 0.0320) GPa (151.8 + 5.40) MPa
¢/ um 26.21 + 0.14 43.46 + 1.67
d / um -4.053 + 0.1050 -11.37 £+ 2.063
R? coefficient 99.52% 79.07%
RMSE 0.2589 GPa 18.49 MPa

characterization results comparing the average of the characterisation
obtained at 10 mN and 7.5 mN. Indentations at 7.5 mN resulted well
within the conservative prescription 10% of the layer thickness (2.794
=+ 0.438) um.

Viscoelastic material characterization was addressed according to
the experimental design based on dynamic indentation. Fig. 8(b) shows
an indentation curve result. Few indentations needed to be eliminated
due to poor contact conditions, so an unbalanced design resulted, and a
generalized linear model (rather than ANOVA) was required to inves-
tigate the systematic effect of material and frequency on the mechanical
characterization.

The generalized linear model (GLM), consistently with the main ef-
fect plots shown in Fig. 9, indicated, with a risk of error smaller than 5%,
that both the material and the frequency of the load application affect
the viscoelastic response of the material. In particular, the inclusions of
the fine powder of Pb induce a stiffening, i.e. an increase of the Young
modulus. The effect of the frequency is also interesting. It has a sys-
tematic effect on both the Ejr and the storage modulus E, i.e., on the
elastic behaviour, regardless of the material, as it can be appreciated
from the main effects plot in Fig. 9. Conversely, with a confidence level
of 95%, according to the GLM, it does not affect the damping properties,
i.e. the loss modulus. Considering the significant effect of the loading
frequency, insights are provided by studying the interval plot (error bars
at 95% confidence intervals) of the Ejr resulting from the quasistatic
indentations on the base bulk PTFE and the reinforced PTFE+Pb to es-
timate the average of the mechanical characterization (see Fig. 10(a)).
Similarly, the effect of frequency is highlighted on the PTFE+Pb in

stiffening of the material (E' and Ej7) because less time is available for the
material to elastically recover. Thus, when the next sinusoidal oscilla-
tion begins, the extent of the superimposed elastic deformation field is
reduced. Viscoelasticity is associated with the molecular rearrangement
inside the polymer. If a stress field is applied, parts of the long polymer
chains react by changing their position to minimize the stress field. This
non-equilibrium asset increases the molecular packing density. When
the load is released, the back stress in the material progressively van-
ishes as the polymer recovers the elastic part of the deformation towards
a new equilibrium state [57]. Therefore, as the frequency increases, the
indenter tip contacts a surface with a residual compressive stress field
from the previous indentation cycle, which locally results in an apparent
stiffer response of the material. Fig. 11 provides a schematic depiction of
the phenomenon.

3.2.2. Micro-scale characterization

The experimental design described in Section 2.2.2 was imple-
mented, and a resulting indentation result is shown in Fig. 8(c-d). Fig. 12
(a-b) shows the trend of the mechanical characterization in terms of Ejp
and Hir, respectively. Consistently with the material structure analyzed
by optical microscopy (see Fig. 1), a trend of the mechanical charac-
teristics results as a function of the indenter penetration depth. In
particular, an increasing trend moving from the PTFE+Pb to the sintered
porous bronze is appreciated, with a transition zone. Indeed, the rep-
resented results are the effect of the superimposition of the material and
the substrate [58]. However, such convolution is sufficient for modelling
purposes. Therefore, a nonlinear regression is performed considering,
for mathematical purposes of fitting improvement, a logistic growth
model:
y=a+ 3.1)

he.max —¢
d
with y the dependent variable (either Ejr or Hyr), and a, b, ¢ and d pa-
rameters to be estimated by regression. The results of the model are
summarized in Table 2.

Additionally, ECR allows insights into the material response. Fig. 12
(a-b) shows a transition from 10 um to 50 pm from the material surface.
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Fig. 8. Results of IIT. Indentation curve of a (a) quasistatic indentation (b) dynamic indentation (notice the sinusoidal load in the holding phase) at 10 mN, and (c)
CMC up to 30 N. Measured quantities as a function of time in a CMC indentation (d): black — penetration depth, blue - force and red - resistance. Notice at about
300 s and 20 um depth a significant disturbance and drop in the resistance indicating contact with bronze.

In-situ resistance measurement shows the presence of a highly insulating
material up to 20 um, i.e. the PTFE+Pb. Then a decrease of the resis-
tance can be seen in Fig. 12(c) up to 50 pm, depth at which a constant
value of the electromechanical response indicates the presence of the
sintered porous bronze. The transition from the mechanical perspective
onsets early due to the mechanical convolution [58]; conversely, the
resistance shows a gradient due to the mixed contact with both the
PTFE+Pb and the bronze. Consistent results are obtained by analyzing

an individual CMC, as in Fig. 8(d). In fact, the resistance trend shows a
significant drop and significant disturbances at about 20 pym, indicating
an early contact with the substrate. Last, the scatter plot in Fig. 12(c)
allows appreciation of the presence of highly insulating material, i.e.
PTFE+Pb, even deeper (notice the raw data at 600 Q for depths larger
than 40 pm), which is consistent with the optical analysis indicating
pockets of PTFE+Pb in the porous bronze matrix, inherent with the
manufacturing procedure of the material.
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3.3. Tribological behaviour

The tribological behaviour of the composite coating is likely domi-
nated by abrasion of the harder steel surface against the softer metal-
polymer coating presented. The main results of the pin-on-disk tests
are presented in Fig. 13. All the curves shown in the Fig. 13 are the
average of the curves obtained from the repetitions of 1900 m sliding
tests.

The friction curve presents two stable periods after the initial
running-in. Between 50 m and 250 m, the CoF value was equal to about
0.175, while from 400 m up to the end of the test, the value stabilized at
about 0.160. The information provided by the online linear wear sensor
suggests that these two phases of the test correspond to the wearing-out
of the two layers of the composite coating. A slightly higher coefficient
of friction is observed as long as the pin remains in contact with the soft
outermost PTFE+Pb layer. The transition to a lower stable value was
observed at 25 pm of liner wear depth (dashed line in the Fig. 13). This
value matches the thickness of the outermost layer measured by optical
microscopy (see Fig. 1) and corresponds to a variation of the linear wear
trend, as expected by the information provided by the GGB technical
sheet. The transition significantly affects also the measurement preci-
sion, by yielding larger measurement uncertainties which later stabilises
when contact with bronze is fully established, i.e. at linear wear depth
larger than 40 pm.

According to the authors, the reason why the CoF was higher in the
first part of the test is twofold. The overlay made of the PTFE+Pb
polymeric compound is relatively soft and ductile, and at the beginning
of the test, it withstands the entire contact load. Despite its high lu-
bricity, when the rigid steel pin slides against it, a large effective contact
area is expected due to the ploughing of the hard surface asperities. This
effect is further promoted by the rough surface of the pin used in these
tests. Moreover, an additional sliding resistance might also be produced
by some piling-up effect at the leading edge of the contact due to digging
of the pin into the soft layer. When the outermost layer is completely
worn-out, the pin reaches the stiffer zone dominated by the porous
bronze structure, with a likely decrease in the effective contact area.
According to the simplified 2-body abrasive friction model by Rabino-
wicz [59], the contact area between the ploughing body and the abraded
mass, i.e. the section area of the furrow, influences the coefficient of
friction. Since ploughing into the bronze-strengthened layer is much
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more difficult, the CoF would decrease.

Besides, a beneficial third layer rich in PTFE and bronze adhered to
the steel surface and filled the roughness furrows and valleys. The
presence of such a low conductive layer is proved by the ECR chart,
whose value progressively increases after the wear depth exceeds the
threshold of the outermost layer. The third layer insulated the coating
from direct contact with steel and alleviated the frictional force
contributing to the wear rate reduction. The inspection under the optical
microscope of the pin (Fig. 14) further supports the hypothesis that high-
lubricity stacked layers of compacted debris made of PTFE+Pb and
bronze accumulates to the steel counterpart, driving the contact to a
regime condition of PTFE+Pb/Bronze-against-PTFE+Pb/Bronze.

Topographical inspection of the worn topographies was performed,
resulting in the measurements reported in Fig. 15. For longer tests, be-
sides the deeper track, an increasing amount of galling, i.e. plastically
displaced material at the wear track edge, results. Native roughness is
negligible with respect to the amount of induced wear, although
removed for the estimation of the wear volume by the machine vision
methodology [52].

Fig. 16 shows the increasing trend of the effective volume of material
lost by the system, according to Eq. (2) [51] that takes into account the
contribution of the wear damage (V,,) and galling or plastically dis-
placed material (Vy) as per the ASTM G40 standard definitions. Two
wear stages were identified by the diagram, and two corresponding
Archard wear rates (tga) were calculated considering the increase in
wear volume approximately linear within each stage. The 1st wear stage
corresponds to the wearing-out of the outermost soft layer from 0 m to
about 300 m. The 2nd stage involves the wearing out of the innermost
stiffer layer dominated by the bronze structure. The appearance of the
wear track under the optical microscope shown in Fig. 16 supports the
fact that the trend variation of the wear volume is actually associated
with this layer transition. The corresponding dimensional and dimen-
sionless Archard wear coefficients are listed in Table 3.

4. CONCLUSIONS

This work presented a thorough mechanical and tribological char-
acterization of a metal-polymer composite coating for plain bearings.
Although this kind of coatings is widespread in many industrial appli-
cations, detailed knowledge of their mechanical properties was lacking

Tribological behaviour
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Fig. 13. Tribological behaviour of the PTFE+Pb/Bronze sinter coating against a flat steel pin. The curves are the average of the results obtained with the four
repetitions of the linear reciprocating pin-on-disc tests with a duration of 1900 m of sliding. Each point of the friction curve corresponds to the averaging of the
absolute CoF values acquired over one single reciprocating cycle. CoF error bars report uncertainty at 95% of the estimated average.
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Fig. 14. Growth of a third layer on the pin contact surface during the tests from the initial steel-PTFE+Pb/Bronze interface to an effective PTFE+Pb/Bronze-against-
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Fig. 15. Measured topographies of pin-on-disc wear tracks. Notice the increase of plastically displaced material for the increasing test lenght.

in the scientific literature. The characterization was carried out by augmented by in-situ contact resistance measurements to track the
instrumented indentation tests and pin-on-disc tests to measure the contact with the conductive and non-conductive phases of the coating.
evolution of the mechanical and tribological properties along the Despite this complex coating features a highly non-homogeneous
thickness of the coating. Innovatively, both IIT and pin-on-disc were structure, the methodology proved effective in characterizing the
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Fig. 16. Evolution of the wear volume and corresponding appearance of the wear track under the optical microscope.

Table 3
Archard wear coefficient of the PTFE+Pb/Bronze coating for Phase I and Phase
1L

Phase I Phase 11
Wear rate / um®/m 5.43E+ 06 7.34E+ 05
Dimensional wear coefficient / mm®/mN 1.09E-04 1.47E-05
Average Hardness / MPa 50 120
Dimensionless wear coefficient / - 5.43E-06 1.76E-06

average properties of the material. The information provided by the data
augmentation were essential to substantiate insights on the material
mechanical and tribological behaviour and could have been otherwise
partially achievable only through destructive cross-sectioning. The
mathematical description of the evolution of the material property as a
function of depth will allow more accurate numerical modelling of the
material behaviour, only roughly approximated in previous literature,
but essential in designing its application. This is crucial for applications
that involve structural mechanical modelling, including contact me-
chanics problems or wear modelling during the design or optimization
phase. For instance, the optimization of the stress distribution and the
wear behaviour at the bushing-rod interface in linear pneumatic actu-
ators is possibly affected by the accurate modelling of the material
properties of the bushings, which are often made of this kind of com-
posite coatings. This aspect will be the object of future investigations.
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