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Highlights

e The use of Infrared Thermography allows ranking of the fatigue performance of different
multilayer coatings during fatigue tests.

e The new methodology detects damage earlier than previous methodologies, enabling the
use of a failure criterion which is far less conservative.

e The multilayer coating with two intermetallic layers (IML) shows better fatigue performance
than the coatings with one and three IML.

Abstract

Plain bearings experience cyclic loading during operation, which may cause fatigue failure. In the
bearings under study a steel backing has a leaded bronze interlayer, covered by a thin (20 um)
multilayer coating, which consists of several electroplated layers composed of Sn, Ni and Cu.
Commercial performance assessments simulate the conditions of engines in a ‘Pass or Fail’ test. A
new methodology is proposed to assess the fundamental fatigue behaviour for such complex
layered bearings. Accelerated fatigue tests on half-shell bearings have been conducted under 3-point
bend, whilst the coated side of the bearings are recorded with an infrared camera. Cyclic tests with
strain gauges placed on the coating have been performed to evaluate the strains developing during
loading. By combining these tests we can rank different coatings. A compliance based failure
criterion is also compared with a failure criterion based on early damage revealed by infrared
thermography, showing that the latter is far less conservative. Thus, this methodology allows
detection of small scale fatigue cracks in the coatings significantly earlier, facilitating assessment and
identification of possible mechanisms to explain the differences in fatigue performance between
coatings. This provides valuable information to develop new coatings for future bearing designs.
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1. Introduction

Plain bearings are a crucial part of internal combustion engines; typically comprising two half-shell
bearings fitted together into a housing, supporting the crankshaft or the connecting rod. Multilayer
coatings are used in such devices in order to reach a property compromise or balance between hard
and soft materials, since a bearing needs to have high mechanical strength but also has to be able to
embed foreign particles that could damage the crankshaft. The material system considered in this
work comprises multilayer coatings made of Sn-Ni-Cu electrodeposited onto a leaded bronze
interlayer bonded to a steel-backing (Figure 1). In service, the engine loads are transferred to the
bearing coating through a thin oil film, hydrodynamic pressure concentration variations of such oil
films lead to dynamic stress fields, applying cyclic loading, which may then lead to cracking and
spalling of these coatings [1].

Engine manufacturers are always trying to increase the power output, while decreasing the weight
and size of new engines, thus increasing the loads that the plain bearings have to support. In
response, coating architectures for bearings have become more and more complex in order to
increase the fatigue lifetime under higher service loads. Such coating systems now comprise overlay
bearings that consist of complex micrometre scale-multilayer structures (1-18 um per layer) [2, 3],
that make the fatigue assessment process more complex, in particular detecting early damage in the
coatings is challenging [4, 5]. Previous methods have been based on detecting a compliance change
in far thicker coatings.

In industry, accelerated test rigs are used to rank the fatigue performance of bearings by testing
them to failure in an engine-like environment. One example is the Sapphire test machine [6], which
simulates service loading by rotating an eccentric test shaft within the test bearing, where the
dynamic load is applied as the result of oil film pressure between the bearing and the shaft due to
the motion of the shaft. This is a useful pass-fail test to rank bearings in an engine-like environment;
however, it does not offer insight into the fatigue mechanisms controlling the performance. Without
a mechanistic understanding of what controls the fatigue performance of these layered systems,
optimisation of bearing layer architectures and the microstructures of the various coatings is “black
box” and can only be achieved empirically through trial and error.

In previous studies, simple bending tests have been used to test fatigue performance of coated
systems [7-9]. This approach has also been adapted to test half-shell bearings, using a 3-point-bend



configuration, in order to assess their fundamental fatigue performance. Several researchers have
used such methodologies to assess relatively thick (400-180 um) bilayer aluminium based coatings in
plain journal bearings: M.C. Mwanza et al. [10] studied the different fatigue performance of
aluminium based bilayer bearings with different lining compositions, Ali et al. [11] compared the
fatigue performance of bearings produced by different manufacturing processes (HVOF versus roll
bonding), and Joyce et al. [12] investigated the effect of environment by testing Al-Sn-Si bearing
linings under oil, vacuum and air conditions. Each of these test methodologies involve simpler
loading cases than the Sapphire rig, and hence allow the effect of changing the load levels,
frequency, environment, etc, to be investigated. In addition, since the test configuration is simple,
access to the lining surface of the sample is relatively easy, which allows monitoring techniques,
such as strain gauging or different kinds of imaging (including replica approaches combined with
optical microscopy) [13-20] to investigate the test in-situ during testing. A substantial increase in
fatigue evolution observations becomes possible (e.g. crack initiation and growth) that helps us to
understand what happens during the test. The simpler loading case also allows better control of the
test conditions and the ability to link the effect of these more directly to the observed fatigue
mechanisms.

The application of infrared thermography as a full-field, non-contact, non-destructive method to
detect damage has been increasingly studied in the past years. Infra-red thermography has been
successfully used for several applications related to damage detection such as monitoring civil
structures [21-23], exploring plastic deformations [24] and evaluation of fatigue damage in materials
[25-29]. For instance, Ummenhofer et al. [30] applied thermographic approaches to investigate
localized damage occurring due to fatigue on welded structures during tests, showing the great
potential of such techniques in detecting and studying the evolution of localized damage throughout
lifetime.

Moreover, lock-in infrared thermography allows investigation of the temperature distribution on the
surface of a cyclically loaded component by using the loading signal to filter out all temperature
measurement that is not fluctuating and the same frequency as the test. This enables erroneous
temperature changes to be disregarded, reduces significantly the measurement noise and allows for
the detection of even smaller changes in temperature that are only related to the applied fatigue
loading. Researchers have used this variant to successfully evaluate fatigue parameters and also
evaluate the occurrence of fatigue damage in metals [25, 31, 32]. In this study we have introduced
this observation approach to particularly investigate the fatigue performance of multilayer overlay
bearing coatings and the detection of cracks.

The present work proposes a significant improvement to established fatigue evaluation
methodologies [10-12] by using lock-in thermography approaches. This will enable the assessment
of fatigue performance of thin coatings (where replication approaches are less successful in tracking
fatigue initiation and growth processes on the very thin electroplated coatings), and the
improvement of damage assessment location in post-mortem observations. Such improvements
help elucidate the mechanisms leading to the fatigue and fracture of the coatings [33, 34], making
possible the optimization and informed design of new fatigue resistant bearings. This is in contrast
to the empirical process followed by using industry standard approaches such as the Sapphire test.
This methodology also offers opportunities to detect early damage in other coated structures and
geometries, showing its wider applicability beyond the bearing domain.



2. Materials and Methods

2.1 Specimens

The specimens tested are standard semi-circular bearings (Figure 1a), consisting of a steel backing, a
leaded bronze interlayer and the final multilayer coatings. Such coatings have thin nickel based and
tin based layers applied to the bronze interlayer by proprietary electroplating approaches. Preceding
the electroplating coating procedure, the substrate was degreased with an alkaline cleaner and
etched in a solution of diluted hydrochloric acid. Finally, the coating is electroplated: the tin based
layers are electroplated from an electrolyte containing acid, tin ion, copper ion and a proprietary
additive package; and the nickel based layers are produced from a Watt’s bath. Once coated, the
specimens are thermally annealed in order to create nickel-tin intermetallic compound layers and
also to stabilize the microstructure for service conditions [3, 35].

Three types of multilayer coatings were investigated (Figure 1b): the first coated system consists of a
nickel diffusion barrier between the leaded bronze interlayer and the subsequent intermetallic layer,
then the deposition of a fine Sn based layer with 10%wt. of Cu (Sn+high Cu) and a final top Sn layer
with 3%wt. of Cu (Sn+low Cu). The second coated system on top of the bronze interlayer, comprises
firstly a nickel barrier layer, then an intermetallic layer, a Sn-Cu (3%wt.) layer, a second intermetallic
layer and then a further Sn-Cu (3%wt.) layer. Similarly, the third coating system emulates the second
one but contains an additional third intermetallic layer and a Sn-Cu (3%wt.) layer on the top. These
coatings are designated as 1IML, 2IML and 3IML, referring to the number of intermetallic layers: 1, 2
and 3 intermetallic layers, respectively.

In order to study the fatigue performance of the coatings, the rest of the bearing structure was
maintained the same for all the specimens. The steel backing and leaded bronze interlayer had the
same thickness and composition for all the samples, only the top multilayer coating configuration
changed among the three types of specimens.
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Figure 1. Schematics of: a) a bearing and b) cross-sectional structures of the specimens (not to scale).

2.2 Sample preparation

To allow the use of thermography, the coated side of the specimens is painted with matt black paint
in order to provide a uniform and high surface emissivity and to make the specimens behave as a
‘black body’, i.e. only emitting heat radiation, hence, avoiding reflections of radiation coming from
surrounding bodies [36]. The samples were first submerged in acetone for degreasing and painted



applying ~20 um of ELECTROLUBE Matt Black Paint, widely used for thermography applications. In
order to achieve this paint thickness, each sample was painted in separate passes, waiting 20
minutes between passes to allow the paint to dry. Each pass consisted of a single movement of the
spray can across the specimen at approximately 1 m/s with the nozzle positioned at approximately
300 mm from the surface (these values are approximate and are somewhat operator dependent).

2.3 Fatigue testing

The specimens were tested in a 3-point bend configuration, with the ends of the bearing constrained
in grooves in a steel rig clamped to the test machine base and aligned with the bearing and the load-
cell. The load cylinder was aligned with the load-cell and the rig by using an aligner that fits into the
rig and allows the correct linear contact between the bearing and the load cylinder in order to
ensure test reproducibility. In addition, a Cedip 480M infra-red detector was used to measure
temperature changes and conduct lock-in thermography during the fatigue tests. The detector uses
an inbuilt 27 mm lens that captures data at rates of 383 Hz for a 320x256 field of view. The noise
equivalent temperature difference (NETD) of the infra-red system is 15.56 mK, the lock-in technique
allows the NETD to be reduced to approximately 4 mK [37]. A series of 1000 images were recorded
every 500 cycles so that changes in the surface temperature due to fatigue could be periodically
observed. The camera is aimed at a 45° piece of aluminium with a mirror finish placed below the
bearing in order to obtain images from the region of the coating where the maximum stress is
developed (Figure 2).

Fatigue tests were carried out on an InstronPuls E1000 electrodynamic test instrument with 1 kN
load-cell and digitally controlled by WaveMatrix software. The tests were conducted at 10 Hz and R
(load ratio) = 0.1 for different load conditions ranging from 900 N to 500 N maximum load in order to
evaluate fatigue behaviour at lifetimes between 10°-10° cycles.

Since the tests were conducted under load control, CEA-06-062UT-120 strain gauges were placed on
the area of interest of the coatings i.e. the maximum strain zone, in order to evaluate the strain
developed on the top surface of each coating for each set of load conditions.
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Figure 2. Fatigue test set-up of a 3-point bend configuration with infra-red detector: a) schematic view, b) view of the set-up
from the infra-red detector and c) elements used to ensure correct alignment of the bearings.

2.4 Characterization

An optical microscope Olympus BX51 was used to observe the presence of cracks on the sample
surfaces enabling comparison with the infra-red images obtained. Cross-sections of tested and un-
tested bearings were also studied with Scanning Electron Microscopy (SEM). Fine strips of un-tested
samples were cut and polished with successively finer grades of silicon-carbide paper (220, 500 and
800), then of diamond suspensions (9, 3 and 1 um) and finally a colloidal silica suspension (0.06 um).
The multilayer structure of the coating is revealed with a JEOL 6500F Field Emission Gun (FEG)-SEM
equipped with an Energy Dispersive X-ray Spectroscopy (EDS) for compositional analysis. Finally,
cross-sectional analysis of the fatigue tested samples was conducted using an NVision40 dual system
Focussed lon Beam (FIB)-FEG-SEM, which allows cross-sections of specific locations to be made
without damaging sensitive surface features such as cracks.

2.5 Image processing

The layer thicknesses of each thin overlay electroplated coating were measured using SEM images at
high magnification, and processed to evaluate coating thickness values. Firstly, Fiji-ImageJ is used to
select the layer of interest, then to highlight the edges by adjusting the threshold, binarizing the
image and then exporting the binarized image to Matlab. Using Matlab, the distance between the
two edges for each column of pixels was measured. A similar process was followed to measure the
thickness of the interlayer and the backing using optical microscope images.

Using the infra-red camera during the fatigue tests, a certain number of frames or images were
recorded and stored sequentially every 500 cycles. The infra-red signal from the camera is correlated
to the loading signal from the test machine (known as the lock-in technique), consequently, the level
of noise is significantly reduced since only the infra-red response at the specified loading frequency
is analysed. The recorded images were processed using AltairLl software, which performs a fast



Fourier transform (FFT) based averaging procedure over all the recorded images to generate three
data sets [38]. The first file contains the absolute temperature, T, of the specimen for each pixel. The
second file contains the temperature change, AT. The third file contains phase data which identifies
whether the temperature change was in phase or out of phase with the applied loading. Typically
the T and AT signals would be used to provide quantitative full field surface stress data via a
technique called Thermoelastic Stress Analysis (TSA) which allows temperature change to be directly
related to the sum of the principal stresses. Meanwhile the phase signal would be used to identify
areas of tensile or compressive stress.

One of the fundamental assumptions of thermoelastic stress analysis is that adiabatic conditions are
maintained (i.e. no heating or heat transfer) during the period of time that data is recorded (i.e. from
one image to the next). Under adiabatic conditions, an applied stress causing a local volume
variation will subsequently cause a local variation in the temperature of that volume, these
conditions are achieved where a uniform stress distribution occurs. If non-adiabatic conditions
prevail, the measured temperature change will not be as a result of the stress change alone.

Violations in this assumption, i.e. non-adiabatic behaviour, can be readily observed from the phase
change information. This assumption can be used to our benefit since the formation and growth of
small cracks, and the cyclic plasticity in the region, will cause internal heating (non-adiabaticity)
which would manifest itself as a change in phase signal in the region of the damage. Therefore
analysis of the phase signal may enable the effect of cracks on the stress field to be detected.

In order to highlight areas with variations in the phase and thereby allowing crack location
identification, the images were processed with Matlab using the following steps (Figure 3):

i. Subtract each image from an image of reference, taken at the beginning of each test,
in order to obtain the relative change of phase (Figure 3a).

ii.  From the resultant image calculate the mean (m) and standard deviation (std) of the
phase-signal in the area of interest in order to quantify the noise within the images
(Figure 3b).

iii.  Use the results of the previous step as a threshold, in our case we removed the noise
with 95% confidence by eliminating all the values below m+2std (Figure 3b).

iv.  Remove groups of pixels with less than ten members in order to eliminate possible
anomalies. Following this process one can obtain images to identify relative changes
of phase due to the appearance of cracks in different samples and use them to
establish a consistent and quantitative criterion of crack initiation-early crack growth
(Figure 3c).

Following this procedure we were able to better identify the fatigue damage detected by the
infrared camera.
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Figure 3. Schematic of the steps followed to process the phase images: a) Subtraction of the image of reference from the
image of interest (step i); b) Measurement of the mean (m) and standard deviation (std) of the signal (step ii). Use these
results as a threshold by displaying only the data above m+2std (step iii); c) Resultant image, where possible anomalies

have been eliminated.

3. Results and Discussion

3.1 Microstructure characterization

The multilayer overlay coating is the only variation between the three bearing architectures, as the
same dimensions (and composition) of leaded bronze interlayer and steel backing were used in all
the bearings. In order to study the microstructure of the three different overlays, the bearings were
therefore cut perpendicular to the coating surface, to assess the cross-sections of the layers.

In Figure 4a one can see an overall cross-section for a 1IML coating. Four distinct, different layers can
be seen: at the bottom there is the bronze interlayer (containing lead islands), which will smear out
acting as a solid lubricant in case the top coating spalls off or is otherwise removed during service.
Above the interlayer the nickel barrier can be seen, then a very thin intermetallic layer and finally
the tin top layer with 3%wt. of copper that is believed to provide the best compromise between
surface properties and fatigue resistance during service [2]. On being first manufactured, the coating
is produced with a Sn layer containing 10%wt. of copper above the nickel layer, and then a Sn-
3wt%Cu layer on the top surface, this cannot be distinguished in the SEM after the annealing process.
It is believed that this is because most of the copper in the original 10wt% region has diffused to the
interface between the Ni and Sn layers (to form the intermetallic), and that this original higher Cu
composition profile also acts to reduce the diffusion of Cu from the outermost Sn layers towards the
Ni, hence, the system maintains the original properties on the top layer for longer [2].



Similarly, Figure 4b shows the layered structure for the 2IML coating, which also comprises the
leaded bronze interlayer and the nickel diffusion barrier that prevents the diffusion of copper up
from the interlayer into the subsequent Sn based coatings, thus preventing the formation of CusSn
which is a brittle intermetallic with undesirable properties. Thus the result is that there is a thin
intermetallic layer, a Sn based layer, a thicker intermetallic layer of approximately 4 microns and
finally the upper ~8 microns is a tin-copper layer with the composition being predominantly tin after
thermal annealing. Y. Zhang et al. [3] obtained similar results for this structure (2IML), however, they
observed some differences in the microstructure for 1IML i.e. the quantity of precipitates in the Sn
based layers; this variation is due to the lack of thermal annealing in their structure compared to the
coating investigated in this paper.

The structure of the 3IML coating follows the same principle as 2IML combining multiple Ni based
and Sn based layers, while utilising two additional layers on the top (Figure 4c). Although the layer
thicknesses are reduced proportionally to still achieve 20 micron of total overlay thickness (Table 1).

It can also be observed that after thermal annealing some of the original nickel barrier layer was
converted into a tin-nickel intermetallic compound layer, due to the diffusion between Ni and Sn.
This also explains why the interface between the Sn-IMC is rougher than the interface between Ni-
IMC, since the diffusion between Ni-Sn is faster than Ni-Cu [39, 40].

In all the overlay coatings, it has been observed that the Ni layer is displaced towards (or directly
linked to) lead particles when they are close to the Ni barrier layer. This phenomenon can be
explained by considering the leaded bronze structure in the top surface plane just before the Ni
electrodeposition step. During the electrochemical etching step the lead is preferentially removed
creating a difference in the surface level of those materials. Thus the nickel deposited directly above
a lead particle would be deposited at a different (lower) level as seen in the cross-sections.

Table 1 outlines the systematic image analysis based thickness evaluations of each layer in the
coatings, showing a good agreement with the SEM pictures and EDS analysis in Figure 4.

Table 1. Layer thickness for each coating structure.

Thickness (mm)

Layers 1IML 2IML 3IML
Steel backing 1.250 1.250 1.250
Leaded bronze interlayer 0.250 0.250 0.250
Ni diffusion barrier 0.002 0.002 0.002
Bottom IML less than 0.001 0.001 0.001
Bottom Sn-Cu layer 0.020 0.007 0.006
Middle IML - - 0.002
Middle Sn-Cu layer - - 0.004
Top IML - 0.004 0.002
Top Sn-Cu layer - 0.008 0.005
Total multilayer coating 0.022 0.022 0.022
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Figure 4. Backscatter image with compositional line scan for Ni, Sn and Cu in: a) 1IML, b) 2IML and c) 3IML coatings.

3.2 Application of lock-in thermography for crack detection

The objective of applying the thermography approach is to find a technique that can reliably detect
the onset of cracking at an earlier stage than existing methods or criteria, (e.g. the compliance based
failure criteria linked to a certain displacement under load control, discussed in section 3.3). This
technique is also a non-contact and non-destructive technique, allowing extra information during
the fatigue test to be obtained without introducing any potential damage to the samples, thus
helping to gain understanding on how the cracks initiate and grow.

In order to apply lock-in thermography, samples under infra-red observation need to behave like a
‘black body’, i.e. only emitting heat radiation, in order to avoid reflections of radiation coming from
surrounding bodies and external sources. In addition, this will maximize the measured response and



reduce signal to noise ratio. For this reason, the surface of samples are typically coated with a matt
black paint to create a uniformly and high emissivity surface [36]. However, it is important that the
correct thickness and type of coating is achieved. If the paint is too thin, the sample will not be
opaque and will reflect radiation from other bodies (increasing noise); conversely, if the paint is too
thick, the signal will suffer a delay or lag (since the paint acts as a thermal insulator, and its
temperature lags that of the substrate beneath it [41, 42]). Therefore a study was required to
determine the optimum paint thickness which was conducted in accordance with the procedure
outlined in [43]. It was concluded that ~21 um was the optimum thickness since the thermoelastic
signal was maximised while being independent of loading frequency.

A further study was conducted to correlate between cracks detected using the infra-red detector
and those seen under the optical microscope in order to confirm that the phase changes observed in
the infra-red images are caused by the appearance of cracks, as detailed in section 2.5. Three
bearings with 1IML were tested with a load amplitude of 315 N, at 10 Hz and a load ratio of 0.1,
whilst being recorded with the infrared detector at 500 cycle intervals. The first bearing was tested
for a total of 5000 cycles, and the test was stopped every 1000 cycles to observe the coating surface
under the optical microscope. The second bearing was tested for 10000 cycles in total and stopped
only once at 5000 cycles, and the third was tested for 20000 cycles in total and stopped only once at
10000 cycles. After the tests, the images obtained using the optical microscope and the infra-red
camera were compared qualitatively. Figure 5 shows the comparison of images for the first tested
bearing, where it can be seen that after 3000 cycles, damage is found at the same position with both
techniques. It is noteworthy that we found similar results with the second and third bearings,
confirming these results. Therefore, a qualitative correlation between cracks observed using optical
microscope and the phase changes obtained in the infra-red images exists. Thus confirming that the
change in phase on the surface of the sample is indicating the presence of cracks and identifying
their location.
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Figure 5. Comparison between images taken with an optical microscope and phase images taken with an infra-red camera
(the red arrows point at cracks in the micrographs and sudden phase change in the phase images).

3.3 Fatigue tests

The fatigue tests were intended to assess the fundamental fatigue behaviour of these multilayer
materials architectures. Hence, the tests do not aim to simulate the complex stress and strain
conditions which a bearing in service will suffer due to the rotation of the journal against it. Instead,
tests were conducted under 3-point bend, simplifying the load states and the conditions in order to
have more control of the factors that could affect fatigue. Using this configuration, the maximum
stress developed in the overlay is in a line below the top roller load application, ensuring localization
of (and hence easier study of) the cracks.

In Figure 6 the results of fatigue tests for 30 bearings (3 coatings, 5 load conditions and 2 repetitions,
all with the same dimensions) are plotted using a compliance based failure criterion. This criterion
was used in order to ensure that the tests were terminated when all the bearings had reached a
similar degree of fatigue damage, and to determine the number of cycles to a certain level of failure.
While running the test, the displacement of the sample was monitored; failure of the sample was
deemed to occur when the minimum position of the load cell had displaced by 0.1 mm from the
initial minimum value. At this point the sample coating presents a substantial amount of surface
cracks but without gross failure of the bearings occurring. In the first few loading cycles the
minimum position tends to change significantly due to the sample settling in the rig, thus the initial
displacement value was defined as the displacement after 1000 cycles.
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Figure 6. L,-N curve, plotting the load amplitude versus the number of cycles to failure using the compliance failure criterion
for 1IML, 2IML and 3IML.

From these results one may observe that there is not much difference in the performance of the
tested bearings in terms of their lifetimes as a function of applied load, since the scatter in the
results within a particular bearing class is sometimes greater than the difference between classes.
This can be considered in terms of the crudeness of the chosen failure criterion, which accounts for
the compliance of the whole sample, which is mostly the steel backing. This criterion assesses then
mainly the response of the steel backing, which is the essentially the same for all the bearings. By
sectioning some of the bearings, we found that in all of them the fatigue crack had penetrated into
the steel at the point when the tests were stopped on achieving the compliance change criterion.
Thus confirming the lack of sensitivity in assessing particularly the fatigue response differences in the
thin overlay coatings, which is of far greater interest for the service failure assessment. This
motivated our move to use another failure criterion based instead on the surface damage detection
made possible by infra-red thermography.

The use of thermography provides a wealth of data around the zone of maximum stress/strain,
enabling full-field information about crack evolution to be obtained. Use of such a technique in-situ
helps to provide valuable information about the crack initiation and crack growth on the surface of
the coating, and to set a more sensitive failure criterion based on these crack-related features.
Therefore fatigue tests were conducted while recording data with the infra-red camera, and the
obtained phase images were subsequently processed to obtain binary images at the different stages
of testing in order to detect crack evolution on the surface of the coating during the fatigue tests.
This information can then be used to establish a failure criterion that is far less conservative (and
explicitly linked to the very early stages of crack initiation and growth in the multilayer overlay
coatings) than the more gross failure criterion based on the compliance of the sample. This then will
allow ranking of the coatings in terms of fatigue processes occurring principally in the overlay
coatings (which has much higher service relevance). The criterion used was defined as the earliest
image that could detect cracks reliably on the infra-red data recorded throughout the test. Based on
the study described in section 3.2, the minimum crack length that could be detected was around 0.7
mm, so this was defined as the damage initiation detection limit and the corresponding lifetimes



were identified. In Figure 7 one can see the results for 34 bearings, where we can discern the
different fatigue performance of the three coatings in terms now of the new lifetime observed as a
function of the load amplitude (all bearings had the same overall dimensions to within a tolerance of
0.02 mm). Figure 7 shows now a clear separation of the best performance of 2IML and the worst
performance for 3IML indicating that this method has a higher sensitivity for detecting initiation of
damage and evaluating different coating systems under this simplified fatigue loading. They also
show a lower scatter in the results with respect to Figure 6, indicating the better consistency of such
a determination of lifetime to a similar level of damage initiation (~0.7mm surface crack length).
Some of these tests were then stopped as soon as damage was detected (~0.7mm surface cracks),
with the objective of studying in detail some of the shorter cracks. Looking at these smaller cracks at
high resolution provides insight into the processes occurring during crack initiation and early crack
propagation within these multilayer coatings to elucidate the reasons why the 2IML coating
architecture is performing better than the 3IML system. It is noteworthy that any tests above a load
amplitude of 315 N conducted with the infra-red camera, detected damage at these higher loads in
the very first cycles, so the lifetime to early crack formation was effectively zero in these cases and
has not been plotted in Figure 7.
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Figure 7. L,-N curve, plotting the load amplitude versus the number of cycles to damage detection using lock-in
thermography for 1IML, 2IML and 3IML.

The lifetimes obtained applying the lock-in thermography approach are linked to much earlier stages
of damage and so are much shorter than the life-time obtained using the grosser compliance based
failure criterion (where the crack had propagated into the steel backing). In Figure 8 we can see that
by using the new damage initiation methodology (cracks ~0.7mm), the lifetime occurs between 5-25%
of the lifetime obtained with the old methodology (i.e. the point of crack growth into the steel
backing, the gross compliance criterion). Thus, this new methodology has established a failure
criterion which is far less conservative than the previous methodology and has more direct service
relevance to the failure processes of the overlay coating.
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Figure 8. Failure criteria comparison between the compliance criterion and the thermography failure criterion in terms of
number of cycle to damage detection versus load amplitude (L,).

Strain gauges were placed on the coatings to evaluate the strain level developed on the overlay
coating surface at the applied loads during these accelerated fatigue tests. We then emulated the
load conditions of an accelerated test whilst measuring the evolving strain in the overlay coating
surface. We used two frequencies during the test: first we ran the tests at 10 cycles per second until
the strain stabilized, since during the first few cycles we observed significant work-hardening, and
then slowed down the test frequency to 1 cycle per second in order to record the stabilised cyclic
stress-strain in detail and to allow accurate measurement of the total strain range. We confirmed
that there is no strain rate effect on the measured stresses and strains between these 2 frequencies.
We carried out these cyclic tests for all three overlays, using the five load conditions used for the
accelerated fatigue tests, and focussed on characterising the cyclically stabilised strain range, since
we observed strain ratcheting during the test. The results are shown in Figure 9, where we can
observe that the strain range increases with the load applied. From this plot it can be seen that 1IML
is the coating that presents the highest amount of deformation under these load controlled tests.
This can be attributed to the strength contribution of the aligned hard intermetallic layers, which can
be expressed by a simple rule-of-mixtures approximation along the applied stress direction:

Ec = EIntermetallicXIntermetallic + ESnXSn Equation 1

Oyc = cnyntermetallicXIntermetallic + cnynXSn Equation 2

Where E¢ and o, are the moduli and the yield strength of the coating, Ejtermetanic and Es, are the
moduli of the intermetallic material and Sn layer, respectively, and G, iermetanic and oz, are the yield
strength for the intermetallic material and Sn layer; and Xj,ermetanic and Xs, are the volume fractions of
the intermetallic compounds and Sn phases in the coating. Therefore, the Young’s modulus and the
yield strength for 1IML are expected to be lower due to the lesser amount of hard intermetallic in
the coating structure. 1IML contains around 3% of hard intermetallic materials, whilst 2IML and
3IML contain around 25% out of the overall coating (calculated by area fraction analysis). Thus, the



average Young’s modulus and yield strength would be higher for 2IML and 3IML, which means that
the strain range would be reduced compared with 1IML. However, 3IML shows less deformation
than 2IML with the same expected volume fraction of hard material. This could also be considered in
terms of the Hall-Petch [44, 45] equation which can also be applied for multilayer materials
(Equation 3) [46]:

Oy = 0g + Kd~1/2 Equation 3

y

Where g, is the yield stress of the material, o, and K are material-dependent constants, and d, in
multilayer materials, is the bilayer thickness of the component phases. In this case, the Hall-Petch
relation is based on the pile-ups of a large number of dislocations at the interface of multilayers.
Since d is smaller in 3IML (~7 pum), its yield stress is predicted to be higher than 2IML (~10 pm). In
our case we would expect an increase of 20% in the yield strength of 3IML compared with 2IML.
Therefore, the thinner the bilayer thickness, the higher predicted yield strength, reducing the strain
range. This can be explained by the mobility of dislocations. The plastic deformation in thin layers
becomes more difficult because dislocations have shorter mean glide distances due to the barrier
effect of the interfaces in the multilayers. This is because the dislocations in soft Sn layers can pile-
up at the interfaces, and cannot glide across these interfaces because of the lattice and elastic
modulus mismatches. Hence, the plastic strain experienced by the coatings will decrease with
decreasing layer thickness [46].
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Figure 9. Total strain range for 1IML, 2IML and 3IML.

Although, we have used load amplitude versus number of cycles as a first approximation to compare
the fatigue performance of different coatings, we can also combine Figure 6 and Figure 7 with Figure
9 in order to better rank such coatings by using the strains measured on the surface of the overlay
coating during fatigue tests, which may better describe the behaviour developed in the coating
during the fatigue tests. In Figure 10 one can see how by using the lock-in thermography technology,
we can observe a more significant difference regarding the fatigue performance of the three



coatings considered in this study when the lifetime to damage initiation in the overlay coating is
considered in terms of the total strain experienced in the overlay coating.
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Figure 10. Ae-N curve, plotting the total strain range versus the number of cycles to failure using: a) compliance failure
criterion and b) failure criterion by using lock-in thermography for 1IML, 2IML and 3IML.

3.4 Post-test observations

Thermographic observations

In addition to establishing a more service relevant failure criterion, the processed images taken with
the infra-red camera can also be used to observe the evolution of damage during the fatigue tests.
For example, in Figure 11 we can see the initiation and growth of cracks in 1IML, tested at L,=315 N
and N{=32984 cycles (using the compliance failure criterion). In these images the damage, in white,
grows along the ‘x’ axis (along the width of the sample), being the tensile axis perpendicular to the ‘X’
axis. In this case, we can see how the cracks initiate on the left side of the bearing, propagating



perpendicular to the tensile axis towards both edges. This allows assessment of the location of crack
initiation and the evolution of crack propagation, facilitating any subsequent search for cracks at
high or very high magnifications. Higher magnification observations will help to understand the
failure mechanisms of these samples in particular, and by extension offers similar opportunities to
other fatigue tests in other systems, highlighting the potential of this combination of methodologies.
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Figure 11. Post-processed infra-red images showing the evolution of damage in a 1IML tested at 315 N of load amplitude
(total strain range = 0.003491).

Surface observations

After these accelerated fatigue tests, the bearings were also examined by optical microscopy in
order to observe the amount of damage and crack morphology development from the top surface.
In Figure 12 we can see surface crack observations for each of the coatings tested at 225 N of load
amplitude (total strain range for 1IML, 2IML and 3IML are 0.002284, 0.002228 and 0.002142,
respectively), for both cases stopping the fatigue tests using the compliance failure criterion (Figure
12a-c) and using the lock-in thermography as the failure criterion (Figure 12d-f). In the same set of
images one can observe that different cracks have grown and coalesced together to form longer
cracks, it is especially visible in Figure 12a-c, but also discernible in Figure 12g-i. It is also interesting
to note that, although most of the cracks have propagated in the surface perpendicular to the tensile
axis, some of the smaller cracks in Figure 12g-i appear to propagate at an angle to, or even parallel
to, the tensile axis in order to coalesce as longer cracks, indicating the locally complex stress state in
which the cracks are propagating. We can also see that the relatively high roughness of the
electroplated surface is making any detailed observation (including grain size) difficult, since the
surface cannot be mechanically polished without removing the very thin, soft Sn based overlay itself
(which is the focus of the research investigation).

One can observe in the magnified images of the last three samples (Figure 12g-i) how different the
crack fields are in the different coating architectures. In the 1IML architecture (Figure 12g) fewer
cracks are observed but they appear thicker and longer, on the other hand, 3IML (Figure 12i) has
more cracks but they are shorter and thinner, and finally, the 2IML architecture (Figure 12h) appears
intermediate between the two previous cases. This could be linked to the strain range results at the
same applied load if we consider that long cracks are also expected to be deeper [47], then it is
evident that since 1IML experiences more total strain range for the same load, this may produce
longer cracks, as the driving force for fatigue crack propagation will have been higher. It is less clear
why the number of initiation sites may have varied between the architectures. Further consideration
needs to be given as to why fewer longer cracks have given rise to a similar final failure displacement
criterion (linked to significant crack penetration into the steel backing).



Also, from Figure 12g-i one can see that the surface paths of the cracks in 1IML seem to be more
tortuous than those in 2IML and 3IML, and the cracks in 2IML more tortuous than the cracks in 3IML.
This could be explained by considering:

1. Tin has a low melting point (231 °C), thus, the annealing temperature is sufficient for the Sn grains
to grow in a columnar fashion in the deposition direction after the initial plating process (columnar
grains of Sn can be seen in the cross-sections in Figure 13). Thus, structures with a thicker Sn layer
are expected to allow larger Sn grains to grow (as can be seen in the cross-sectional images in Figure
13, where thicker Sn layers contain larger columnar Sn grains). Although we don’t have direct
observations of the grain size in the top surface plane, it is reasonable to expect that, the thicker the
top-surface Sn layer, the coarser the grain size in the Sn.

2. The fatigue cracks at room temperature usually propagate along tin grain boundaries (examples of
intergranular crack propagation can be seen in the overlay cross-sections in Figure 13). As the
fatigue tests are conducted at room temperature (~21 °C), which is 58% of the absolute melting
point for pure Sn, these then can be considered as effectively high temperature or time-dependent
fatigue tests [48]. This creep-fatigue regime would also explain the ratcheting strain performance
seen under cyclic loading and the possible effects of creep fatigue need to be considered. Typically
intergranular crack growth is seen under creep-fatigue conditions.

Thus, it is possible that, the thicker the final top-surface Sn layer in the overlay, the larger the
expected columnar grain size and so the more tortuous the surface cracks would be, if they are
indeed growing intergranularly. This increase in tortuosity with Sn layer thickness is indeed seen in
Figure 12g-i. This would also explain some of the differences in the observed crack field distributions
between the coatings. A thinner Sn coating being expected to have a smaller grain size and more
grain boundaries, and hence more potential crack propagation routes, perhaps creating the higher
density of cracks (although the initiation process at a microstructural level still needs to be
confirmed). As a result, it is likely that a coarser grain size in the thicker Sn coatings will have a better
fatigue performance, since intergranular fatigue processes will be expected to pre-dominate and will
be less prevalent with a coarser grain size. Thus, a Sn microstructure with bigger grains will have a
higher creep resistance [49] offering less crack propagation paths and these will also be more
deflected (and so offer additional intrinsic and extrinsic shielding effects to crack propagation rates).
These additional factors may explain why 1IML has a better performance than 3IML, since the latter
is composed of thinner Sn layers, hence, potentially a smaller Sn grain size and worse creep-fatigue
resistance.
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Figure 12. Surface cracks on six samples (two for each type of coating) tested under the same conditions, the three top
stopped using the compliance failure criterion and the other three using lock-in thermography.

Cross-sectional observations

Examples of intergranular crack propagation in Sn can be seen in Figure 13, where we have used FIB
to obtain cross-sections of some of the fatigue cracks seen on the bearing overlay surface. Firstly,
one can see in Figure 13a a fatigue crack in 1IML, which propagates along the columnar tin grain
boundaries towards the intermetallic layer, where it seems to be arrested. Due to this phenomenon
the crack path was observed to present a higher degree of tortuosity in the Sn layers than in the
intermetallic layers. Secondly, in Figure 13b we can see cracks in 2IML with some degree of
deflection in the interface between the Sn layer and the intermetallic layer, where the crack changes
its direction following the interface until it eventually penetrates to the harder material. It is
noteworthy that in most of the observations the cracks are deflected and sometimes arrested in the
Sn layers in between the intermetallic layers. Thirdly, in Figure 13c we can observe the crack path in
3IML, which also presents some degree of deflection, where the cracks propagate along the tin-
intermetallic interface. Finally, we have also observed in some cases that the cracks initiate on the
top surface, usually from stress-raisers induced by surface roughness that are found between Sn
grains. Moreover, in all three architectures the direction of the crack propagation in Sn-Ni
intermetallic and pure Ni layers is mostly perpendicular to the tensile axis, however in the Sn based
layers the angle of propagation changes frequently as it follows the grain boundaries.
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Figure 13. Cross-sectional image of cracks growing through the multilayer coatings: a) 1IML La=225 N, N thermography=20500
cycles, Stopped at 25000 cycles; b) 2IML L,=225 N, Ngpermography=25500 cycles, Stopped at 30000 cycles; c) 3IML L,=225 N,
Nt thermography=14000 cycles, Stopped at 15000 cycles.

Multilayer materials exhibit different fatigue crack growth behaviour than monolithic materials. This
is attributed to the behaviour of a fatigue crack as it approaches a bi-material interface. Suresh et al.
[50, 51] observed that a fatigue crack propagating normally to the interface from the harder side,
would pass through the interface un-deflected, whereas a crack propagating from the softer side
exhibited reduced crack growth rate, crack deflection and arrest. Sugimura et al. [52] found that a
crack approaching the interface from the softer side experienced a significant drop in driving force as
it approached the interface; it is this shielding effect that causes the experimentally observed
reduction in fatigue crack growth rates. On the other hand when a crack grew from the harder
material, anti-shielding effects would cause an increase of the crack growth rates when approaching
the interface. Thus it was demonstrated that an interface between two plastically dissimilar
materials had the potential to severely affect the propagation behaviour of an approaching fatigue
crack. Moreover, Joyce et al. [53] showed the effect of layer thickness on the driving force of fatigue
cracks growing from an effectively softer material, showing a decrease of the shielding effect when
decreasing the thickness of the harder material. This was attributed to the thinner hard layer
producing a smaller region of raised local stiffness within the adjacent soft layer.

Unlike the other structures, in 1IML deflected cracks were not typically observed along the interface
between layers, this may be due to the thickness of the hard layer, as in this case the intermetallic
layer is much thinner than in the other coating structures. As already mentioned, thicker hard layers
may increase any shielding effect as a crack tip advances. Moreover, the deflected, bifurcated and
arrested cracks found in 2IML and 3IML are thought to result from the succession of shielding effects
performed by the varying intermetallic layers, due to the significant expected change of mechanical
properties between Sn and Sn-Ni intermetallic compounds, effectively meaning the crack is
propagating through soft->hard->soft layers and so on. Although examples of crack arrest were
found in both 2IML and 3IML, they were more apparent/frequent in 2IML, which may explain the
difference in lifetime observed between the tested samples.

This preliminary set of observations would appear to indicate that the soft-hard-soft overlay
structure is more beneficial in providing significant crack deflection than the soft-hard-soft-hard-soft
overlay structure. The direct link to fatigue resistance however needs to be carefully evaluated in
light of the evolving strain conditions in the different overlays. Establishing which factor is affecting
the crack-path and what the benefit might be to overlay fatigue performance in optimising such
deflection will be a focus for future study.



4. Conclusions

In summary, a new methodology combining a number of techniques has been established to assess
the fatigue performance of multilayer coatings. This methodology is able to consistently detect
damage in the overlay coatings subjected to fatigue testing, hence, it is possible to rank different
thin overlay coating structures in terms of their fatigue response. Moreover, the approach used has
allowed us to locate the damage origin and observe the evolution of such damage during the tests,
using non contacting full-field techniques, without test interruption. The use of the lock-in
thermography establishes a failure criterion that is much less conservative than a failure criterion
based on the compliance change of the sample, detecting damage much earlier. This eases study of
the micromechanisms that control the fatigue performance of such multilayer coatings.

The fatigue tests revealed a better resistance to early damage in the coating with two hard layers
(2IML) and the worst fatigue damage resistance was developed by the coating with three hard layers
(3IML). It is proposed that the balance between several mechanisms may explain the different
fatigue performance of the presented coatings:

- Less Sn or thinner Sn based layers which are more constrained by the IMC, make the system less
compliant (decreasing the strain range experienced) and more brittle. This can also be linked to
the stress relaxation that Sn provides, hence, less Sn or more constraint of thinner Sn layers will
allow less stress relaxation of the system.

- Higher surface roughness may cause higher stress concentration on the top Sn surface, leading
to earlier crack initiation. Also, differences in the roughness of the IMC layers can create
preferential sites for subsurface crack initiation or propagation.

- Different population, shape and size of defects between coatings might also affect their fatigue
performance by creating sites of preferential initiation or propagation.

- Creep can also control propagation processes, since the fatigue tests were done at a high
homologous temperature for Sn. Hence, the grain size will affect the creep resistance: coarser
grains will present better creep-fatigue performance.

- Crack shielding and anti-shielding effects will also influence the crack propagation. Differences
in the thickness and properties of the coating layers will reduce or increase the crack growth
rate, deflecting and even arresting cracks.

Although these proposed mechanisms are based on preliminary observations, a more detailed
guantitative investigation of these phenomena is forthcoming in a future publication. The aim of the
current work is to report on the methodology advances using these combined experimental
mechanics approaches and how these have further elucidated the mesoscopic fatigue performance
of the presented multilayer coatings, allowing overlay coating design to be evaluated more
mechanistically and to inform new overlay coating design approaches.
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