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Abstract

A multilayer overlay coating system containing an intermediate intermetallic

layer is an architecture expected to show good fatigue resistance. Experimen-

tal characterization and modeling simulations were carried out to classify

the different crack initiation mechanisms occurring during fatigue of this

coating system (2IML coating system) and to reveal how changes in the

layer architecture lead to fatigue improvement. Surface crack initiation

seems to play the dominated role in the fatigue failure of this coating system

as over 55% of observed cracks were surface cracks. Fatigue improvement is

achieved by increasing surface initiation resistance via decreasing the IML-

Top layer thickness. However, subsurface initiation mechanisms inhibit the

improvement (dominated by surface initiation mechanism) achieved by

locating the IML-Top layer closer to the top surface. Optimizing the design

of 2IML multilayer coatings based on the fatigue performance should elimi-

nate the unreacted nickel layer in the intermediate IML-Top layer, increase

the subsurface interface strength, and decrease the density of voids occurring

in the annealing process.
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1 | INTRODUCTION

The use of multilayer architectures in a thin overlay coat-
ing can improve the performance of components against
the higher demands proposed in the design of many engi-
neering applications, for example, the lower weight but
higher engine output required for engines.1,2 In the
design of multilayer coatings, hard and soft materials are
usually used together as they can provide great improve-
ments in a series of properties, including fatigue

performance, corrosion resistance, conformability, and
embeddability.1,3–5

A Sn–Ni multilayer coating system (see Figure 1A)
comprising alternating tin–copper and tin–nickel inter-
metallic (IML) sublayers, denoted in our work as a
2IML multilayer coating system, is such a thin multi-
layer coating. Considerable improvements in the fatigue
resistance have been achieved in this configuration
compared with counterparts without the intermediate
tin–nickel IML coating layer, denoted in our work as a
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1IML multilayer coating (Figure 1B).7,9,10 Further
experimental investigations indicated that the fatigue
performance of this 2IML multilayer coating system can
be further improved when decreasing the distance
between the middle IML sublayer and the top surface
but by decreasing this central IML sublayer
thickness.6,11 However, the design/optimizing design of
this multilayer coatings and such thin multilayer
overlay coating architectures with better performance
may only be achieved empirically through trial
and error. It is because mechanistic understanding
of fatigue failure and what controls the improved per-
formance (particularly the fatigue performance) are
limited.

Fatigue failure mechanisms in multilayer coatings
system are complex. The residual stress is well known to
be dependent on the coating layers organization and
thickness, for example, the TiN hard coating12 and Cu/W
nanomultilayers.13 The microstructure and mechanical
properties of some layers in these multilayer coatings
may change substantially with changing layer thickness
across a thickness range, such as the electroplated Ni/Sn
multilayered composites,14 (Na0.85K0.15)0.5Bi0.5TiO3 multi-
layer thin films produced by spin coating15 and multiple
type of PVD coatings.16 Multiple crack initiation mecha-
nisms, including surface crack initiation and a series of
different subsurface crack initiation mechanisms, may
occur in the failure of multilayer coatings. This is indi-
cated in experimental research on composite TiSiN/Ag/
TiSiN multilayer coating17 and PVD coatings.18 Subsur-
face crack initiations may occur due to stress concentra-
tions produced by subsurface characteristics, such as the
interface roughness of each layer.19–21 These potential
crack initiation mechanisms may have different impacts
on the fatigue performance as the different stress levels
experienced at different locations can lead to different

crack initiation properties (affecting S–N curves) for dif-
ferent material/interfaces22 and different expected
shielding/antishielding effects for crack
propagation.8,23,24

There are some investigations about fatigue
improvement mechanisms of layered architectures.
Numerical parametric studies on trilayer architectures
of Joyce et al.25 indicated the reduction of soft inter-
layer thickness enhances the shielding and provides
the improved crack propagation resistance. Zhou
et al.26 compared the fatigue performance of bilayer
and multilayer Ti/TiN coatings (overall thickness is
1 μm) deposited on the Ti46Al8Nb alloy substrate by
the hollow cathode deposition method. This investiga-
tion indicated the better fatigue performance of multi-
layer Ti/TiN coatings because of retarding fatigue
crack growth more significantly. Most of these
researches just reported the improved fatigue perfor-
mance and explained the corresponding mechanisms
initially. The majority of reported mechanisms are
highly conjectural and focused on explaining the
fatigue resistance in layered architectures qualitatively.
Systemic researches on what controls the improved
fatigue performance in the optimizing design (design-
ing the architectural parameters) are limited. This
retards the optimization of the fatigue performance of
layered architectures by designing the architectural
parameters.

In this research, the mechanisms of fatigue failure
in the 2IML multilayer coating system has therefore
been investigated further by more detailed experimental
characterization coupled with simulation analysis under
the bending condition. Material properties of the differ-
ent layers in this coating system are studied in more
depth to understand whether they are affected by differ-
ing layer thickness. Different crack initiation

FIGURE 1 Schematic diagram of the cross-sectional architectures of flat samples with (A) 2IML multilayer coatings system,6 (B) 1IML

coating system,7 and (C) four-layer architecture system8 [Colour figure can be viewed at wileyonlinelibrary.com]
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mechanisms (based on the different initiation locations)
and the linked change in the achieved fatigue perfor-
mance improvement of the 2IML multilayer coating
system are analyzed based on posttest observations of
coating cross sections and further numerical simulation
work. The detailed analysis of these multiple mecha-
nisms will build a basis to optimize the multilayer coat-
ing system by controlling the fatigue failure
mechanisms via micromechanistically informed archi-
tectural design.

2 | MATERIALS AND
EXPERIMENTS

2.1 | Samples

2IML multilayer flat samples experimentally investigated
in previous research6,11 under 3-point bending fatigue
tests (see Figure 2A) were studied in further depth in this
research by carrying out nanoindentation tests, quantita-
tive posttest observation, and numerical simulation anal-
ysis. The samples consist of a 2-mm-thick bilayer
substrate and six types of 22-μm-thick multilayer coatings
(see Figure 2B). These six multilayer coatings are referred
as 2IML-A-M, 2IML-B-S/M/L, 2IML-C-M, and 2IML-
D-M coatings, where A/B/C/D represents the location of
the IML-Top layer with respect to the top surface of the
coatings and S/M/L represents the thickness of the inter-
mediate IML-Top layer increasing from thinner (S) to
thicker (L). Their geometries are shown in Figure 2C in
detail.

Samples were manufactured by degreasing and
etching bilayer substrates first using an alkaline
cleaner and a hydrochloric acid solution, respectively.
Multilayer coatings were then electroplated layer upon
layer in corresponding electrolyte systems, containing
Sn2+ ions, Cu2+ ions, and a proprietary additive pack-
age to form tin-based layer and a commercial bath for
the nickel-based layer. A thermal annealing procedure
was then conducted on all samples at the same tem-
perature and duration time to form the IMLs except
for the 2IML-B-L coatings. As a thicker IML-Top layer
needs to form by diffusion in the 2IML-B-L multilayer
coatings, the duration of its annealing procedure is
necessarily longer (around two times). However, there
also exists a thin (less than 0.1 μm) undiffused nickel
layer in the mid plane of the IML-Top layer in 2IML-
B-L multilayer coatings. It should be noted that the
materials of each coating layer and processing condi-
tions are the same as that reported before7 except the
electroplating time (adjusted to produce different layer
thickness) and the duration of 2IML-B-L coating's

annealing procedure. Only limited manufacturing
information is available as these are proprietary to the
sponsoring company.

In previous research,6,11 fatigue performance of
these six types of multilayer samples were experimen-
tally measured under the 3-point-bend constant
amplitude fatigue loads with the same load ratio
(R = 0.1). Maximum fatigue loads were controlled
to ensure the same total strain range ϵTotal (0.0023 at
the expected maximum strain zone marked in
Figure 2A) was experienced by different multilayer
coatings. Their previously reported fatigue lives with
the same total strain range ϵTotal were shown in
Figure 2D. The ranking of their measured fatigue lives
can be found as follows: 2IML-B-S > 2IML-D-
M ≈ 2IML-C-M > 2IML-B-M > 2IML-A-M > 2IML-B-L
(see Figure 2D).

2.2 | Nanoindentation tests

Nanoindentation tests were carried out on a sample
with 2IML-C-M coating using a MicroMaterials
NanoTest Vantage system (MicroMaterials NTX)
equipped with a Berkovich indenter at a stabilized
chamber temperature of 21�C. The measured surface
was metallographic prepared after being sectioned
along the Plane TL. It should be noted that each coat-
ing layer in multilayer coating was polished together
to reduce the effect of surface preparation on hardness
measurement of each coating layers in multilayer coat-
ings (ensuring the surface preparation effects are the
same for each coating layers). The hardness and modu-
lus were measured on this surface across a 40 * 33-point
matrix in the multilayer coatings, as shown in
Figure 3. These indentation tests were depth con-
trolled, where the sample was loaded at a rate of
0.5 mN/s until reaching a 50-nm depth after con-
tacting, then dwelled at this load for 30 s and
unloaded at a rate of 1 mN/s. During the testing pro-
cess, the thermal drift was corrected based on a group
of postindentation data gathered with a dwell period
of 60 s. The load versus displacement data were also
recorded, which were then transferred to load depth
curves after being corrected to build the basis for cal-
culating mechanical properties. Based on load depth
curves of nanoindentation tests, two mechanical prop-
erties (the nanohardness [H] and the reduced elastic
modulus [Er]) were calculated by using the procedure
outlined by Oliver and Pharr.27 The measured Er is a
balance value between the material properties of
indenter and the test material. The corresponding
equation is

LU ET AL. 1037
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1=Er ¼ 1�ν2m
� �

=Emþ 1�ν2i
� �

=Ei, ð1Þ

where the subscripts m and i refer to the indented mate-
rial and indenter, respectively. The Ei and νi are equal to
1140 GPa and 0.07 for the Berkovich indenter used in this
test, respectively.

2.3 | SEM observation of crack path
along the thickness direction

The samples listed in Figure 2C and tested under same
fatigue conditions (0.002303 total strain range in the
expected maximum strain zone and R = 0.1) as reported

FIGURE 2 (A) Three-point-bend rig, (B) schematic diagram of flat samples with multilayer coatings, (C) cross-sectional structures

of 2IML system multilayer coatings (not to scale), where the location of IML-Top layer is away from top surface from A to D and the

thickness of IML-Top layer is thicker for M than S, and (D) measured fatigue lives for 2IML multilayer coatings, where the black and red

colors are used to mark the effect of IML-Top layer location and thickness, respectively6,11 [Colour figure can be viewed at

wileyonlinelibrary.com]
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in previous research6,11 were sectioned along the TL
plane (the coordinate system marked in Figure 2B). In
order to assess the majority of the surface cracks, the
length of the sectioned surface along the L direction is
comparable to the width of the sample and longer than
the diameter of the loading rollers (D = 8 mm) shown in
Figure 2A.

For all types of 2IML multilayer coatings, representa-
tive samples were sectioned. Two samples were sectioned
for the 2IML-A-M coatings (denoted as 2IML-A-M-1 and
2IML-A-M-1) while one sample was sectioned for the
other coating types. All sectioned surfaces were mounted,
ground on successively finer grades of silicon-carbide
paper (220, 800, and 1200), and then polished with dia-
mond suspensions (9, 3, and 1 μm) and a colloidal silica
suspension (0.06 μm). After these metallographic sample
preparation procedures, scanning electron microscope
(SEM) was used to observe the cross section and capture
all existing crack paths in coatings. It should be noted
that over 100 cracks were captured for each sample to
allow sufficient statistical analysis.

Quantitative analysis was carried out based on the
SEM images using ImageJ 1.52a for each variant of the
2IML multilayer coatings. A series of parameters were
measured for the following different cases.

1. The number of surface and subsurface cracks was
counted, respectively, to understand the balance
between different crack initiation mechanisms (sur-
face/subsurface) with the change of coating architec-
tural parameters.

2. Characteristics of surface cracks marked in Figure 4
were measured in the Tin-Top layer, including the

initial angle, the depth of surface cracks located only
in the Tin-Top layer, and the local thickness of the
Tin-Top layer at the surface cracks (aiming to normal-
ize with respect to the depth). The distribution values
of these parameters were assessed in order to reveal
the characteristics of surface initiated cracks.

2.4 | FE model

Stress distribution in the various 2IML multilayer coat-
ings (by varying the location or thickness of IML-Top
layer) without cracking were investigated further by
numerical simulation work using Abaqus 6.14 based on a
2D FE model. Figure 5 shows the assembly of this model,
which consists of a 2D deformable flat strip and a central
roller modeled as a discrete rigid body. This 2D deform-
able flat strip is composed of a multilayer coating with a
total thickness of 22 μm and a thicker layer (38 μm) serv-
ing as the substrate to provide the appropriate constraint
to the modeled coatings. Because the aim of this simula-
tion is to model the stress distribution in multilayer coat-
ings without cracking, interfaces in this 2D deformable
flat strip were simply distinguished by defining different
material properties on different layers around the inter-
face. This 2D deformable flat strip contacts with the cen-
tral roller at the intermediate location of its bottom
surface with the interaction property of “hard contact”
and “rough friction.” Considering the bending load trans-
ferred from the substrate to the coatings in the previously
reported 3-point-bend experimental research,6,11 the flat

FIGURE 3 Location of a measured 40 � 33 matrix by

nanoindentation [Colour figure can be viewed at

wileyonlinelibrary.com]

FIGURE 4 Measured values about Tin-Top layer

LU ET AL. 1039
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strip in the FE analysis was loaded under 3-point bending
conditions applied on the substrate layer. The detailed
loading condition was shown in Figure 5, where all
movements of two points (Point M and Point N) located
on the top surface of substrate with the distance of
460 μm were constrained and the external load was
applied via the central roller.

Based on the configurations of samples shown in
Figure 2B, FE models consisting of the Tin-Top, IML-
Top, Tin-Bottom, and IML-Bottom layers on a leaded
bronze layer substrate were established. Six variants were
designed based on the following simplification (where
the location and thickness of the IML-Top layer were var-
ied to reveal the role of IML-Top layer on the stress
distribution):

1. The Ni layer considered as the part of IML-Bottom
layer and the total thickness of these two layers was
taken to be 3 μm.

2. The overall thickness of multilayer coatings is kept as
22 μm whatever its architecture (achieved by
adjusting the thickness of Tin-Bottom layer).

The geometry of these six FE models simplified from
various 2IML multilayer coating dimensions are listed in
Table 1 in detail. The 2IML-A/B/C/D-M multilayer coat-
ings were designed to study the effect of IML-Top layer's
location, where the location of IML-Top layer is represen-
ted by the thickness of Tin-Top layer (tTin-Top). The 2IML-
B-S/M/L multilayer coatings were designed to study the
effect of IML-Top layer's thickness without varying their
location (the mid plane). It should be noted that no
attempt was made to simulate the effect of interface
adhesive strength in this study. The effect of interface
adhesive strength has been investigated in our other
research and will be reported in other paper.

The flat strip in the FE models was meshed by a
structure meshing technique with the maximum mesh
size of 1 μm. Mesh in areas contacting the central roller
and multilayer coatings were refined with the minimum
size of 0.1 μm. Each layer in the multilayer coatings was
also meshed by a structure meshing technique. Their
mesh size is from 0.1 to 0.5 μm. All elements in this
model are four-node reduced integration bilinear plane
strain quadrilateral elements (CPE4R). The stress–strain

FIGURE 5 FE model of part

of leaded bronze substrate and

multilayer coatings under 3-point

bending condition. Note:

Material properties of lead

bronze were measured before,10

and the material properties of

each layer in the multilayer

coatings (total thickness of

multilayer coating is around

22 μm) are measured in this

research by nanoindentation

tests (listed in Table 3) [Colour

figure can be viewed at

wileyonlinelibrary.com]

TABLE 1 List of each layer thickness in the different 2IML multilayer coatings in FE models shown in Figure 5

Type

Layer thickness Tin-Top (μm)

Tin-Top IML-Top Tin-Top Tin-Bottom IML-Bottom

Measured Modeled Measured Modeled Measured Modeled Measured Modeled

2IML-A-M 10.39 ± 0.92 10.4 3.43 ± 0.52 3.4 5.34 ± 0.90 5 .2 3.46 ± 0.36 3.0

2IML-B-S 9.49 ± 1.20 9.5 1.94 ± 0.35 1.9 8.39 ± 0.64 7.6 4.10 ± 0.65 3.0

2IML-B-M 8.57 ± 0.83 8.6 3.11 ± 0.52 3.1 8.23 ± 0.81 7.3 3.79 ± 0.47 3.0

2IML-B-L 7.21 ± 0.70 7.2 4.79 ± 0.79 4.8 6.34 ± 1.03 6.3 6.34 ± 1.03 3.0

2IML-C-M 5.20 ± 0.64 5.2 3.23 ± 0.49 3.2 10.49 ± 1.12 10.6 3.46 ± 0.36 3.0

2IML-D-M 2.86 ± 0.61 2.9 3.07 ± 0.69 3.0 13.87 ± 1.24 13.1 3.48 ± 0.31 3.0
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response of each material in the multilayer coatings was
determined by measured mechanical properties in the
nanoindentation tests reported here in Section 3 and that
of the leaded bronze was described based on mechanical
properties measured in previous tensile tests (listed in
Figure 5).10 As only the elastic data can be measured in
nanoindentation tests, a linear elastic constitutive model
was used for all materials in this simulation work. It
should be noted that values of Poisson ratio (ν) for all
materials in these FE models were assumed to be 0.33 in
the absence of measured data.

In previous experiments (3-point bending fatigue
tests), all the 2IML multilayer coatings were tested under
the same applied cyclic strain ranges. This was achieved
by controlling the applied load only based on the
response of bilayer substrate (making the top surface of
substrate experience the same total strain range) as the
�22-μm overlay layers will be dominated by the
elastoplastic response of 2-mm bilayer substrate.6,11 The
same method was used to load FE models in this model-
ing work. The FE models were loaded by controlling the
displacements (dc) in the Y direction of the central roller;
see Figure 5. Different dc values were applied to the FE
models with different 2IML multilayer coating architec-
tures to model the conditions of the fatigue experiments
(different coatings are compared in terms of the same
applied strain level from the bronze interlayer substrate).
These different dc values are to ensure the same strain is

experienced by the different 2IML multilayer coatings
along the X direction (represented by the strain ϵD at the
location of Point D marked in Figure 5). The value of ϵD
in this simulation work is selected as 0.0025, which is the
maximum strain experienced by coatings at the expected
maximum strain zone (marked in Figure 2A) in previous
fatigue tests.6,11 Values of these applied dc in the FE
models with different multilayer coating architectures
are listed in Table 2. They were determined by modeling
dc versus ϵD curves (calculating the ϵD at a series of
increased dc) to find the value of dc corresponding to the
ϵD = 0.0025.

3 | RESULTS AND DISCUSSION

3.1 | Mechanical properties of each layer
in multilayer coatings

Hardness and reduced modulus for all indented locations
were calculated based on load depth curves for the area
of a 40 * 33-point matrix shown in Figure 3. The cloud
maps of measured nanohardness and reduced modulus
are shown in Figure 6A,B, respectively. Compared with
Figure 3, these cloud maps can be divided into five rect-
angular areas based on the location of coating layers
(marked by red rectangles in Figure 6A). These areas are
identified as Near mounted, Tin-Top, IML-Top related,

TABLE 2 List of applied displacement on the center roller to ensure the same strain levels located at Point D

Strain at the Point D

Displacements of the center roller in the thickness direction (μm)

2IML-A-M 2IML-B-M 2IML-CM 2IML-D-M 2IML-B-S 2IML-B-L

0.0025 7.10 7.00 7.16 7.11 6.37 8.00

FIGURE 6 Cloud maps of (A) Vickers hardness and (B) reduced modulus in the 2IML-D-M coating [Colour figure can be viewed at

wileyonlinelibrary.com]
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Tin-Bottom, and IML-Bottom related going from top to
bottom.

It can be seen in Figure 6 that the values (represented
by color) in areas related to the tin layers (Tin-Top area
and Tin-Bottom area) are relatively stable while those in
areas related to IML-Top layer locations show significant
differences. This indicates the relative stability and insta-
bility of measured nanohardness results in the areas of
tin-based layers and around IML layers. There are two
reasons for this instability in measurement: (1) the thin-
ness of the IML layers along the T direction limits the
number of indenters that can be completely located in it
and (2) tortuous 3D shape of the IML layers also means
that those indenters near the boundary of IML layers are
measuring combined properties between IML and tin
alloy as the subsurface material below the apparent IML
may be the soft tin-based alloy. Therefore, only those data
located in a local area with a higher stable nanohardness
or reduced modulus value (marked by black rectangle in
Figure 6B) can be considered to represent the properties
of the IML.

Measured hardness and reduced modulus of both
Tin-Top and Tin-Bottom areas are shown in Figure 7A,B.
It can be seen that the distribution of measured material
properties for Tin-Top and Tin-Bottom areas are similar.
This indicates the thickness-independent material prop-
erties of the tin-based layers in the studied thickness
range (2.86–13.87 μm), where the hardness and reduced
modulus are roughly equal to 0.18 and 25 GPa, respec-
tively. Measured material properties of the IML-Top-
related area are shown in Figure 7C,D. It should be noted
that these measured data represent material properties of
the tin layer, IML layer, and different combined degrees
of the two as this rectangle contains not only the IML
layer but also part of the tin-based layers. The range of
material properties for the tin-based alloy (determined in
Figure 7A,B) was marked by a gray box in Figure 7C,D.
Apart from those data in this marked area, other data
measured from the IML-Top-related area are distributed
over a wide range, 0.5–15 GPa for hardness, and 50–
200 GPa for reduced modulus. The upper limit of this
wide range is consistently about 12 and 200 GPa for the
hardness and reduced modulus, respectively. These upper
limits can also be shown in Figure 7E, where the reduced
modulus tends to be stable at this upper level (200 GPa)
with an increase of hardness for the IML-Top-related
area. Taken together, it seems these upper limits of the
hardness and reduced modulus can be construed as the
measured material properties of the hardest material (the
IML).

All measured reduced moduli for materials in the
2IML multilayer coatings were converted to Young's
modulus by using Equation 1, where the Poisson ratio for

all materials are assumed as 0.33, and listed in Table 3
with the measured hardness. The hardness and Young's
modulus for tin shown in Table 3 can be applied to tin
layers within the thickness range between 2.86 and
13.87 μm because their thickness-independent character-
istics are shown in this nanoindentation tests. The
strength of tin within this thickness range can also be
seen as thickness independence as it is direct related to
the hardness.28,29 These information of material proper-
ties (material data and thickness independence character-
istics) will be used in the simulation analyzes discussed
in this research to further understand the fatigue failure
mechanisms of 2IML multilayer coatings in terms of con-
tinuum mechanics.

3.2 | Surface/subsurface crack initiation
mechanisms

Both surface and subsurface cracks were found in the
SEM cross-sectional observations (as reported previously
in detail6,11). A typical observed surface crack can be seen
in Figure 10A. It initiates at the top surface of the multi-
layer coatings due to the local stress concentration linked
to the spikiness characteristics of the top surface profile11

and is considered a surface initiation mechanism. The
initial angle for all surface cracks and the depth of sur-
face cracks which were only located in the Tin-Top layer
(as marked in Figure 4) were assessed for each studied
2IML multilayer coatings except the 2IML-D-M (its thin-
nest Tin-Top layer produced difficulty in measuring these
values) and are shown in Figure 8.

The distribution of initial surface crack angles can be
seen in Figure 8A, where two peaks are located at similar
locations for different multilayer coatings. The values of
these two peaks are 55� and 125�, respectively, and sym-
metrical about the sample center line, revealing the ten-
dency of crack initiation angle. As intergranular crack
growth is generally observed in the tin layer,6 this ten-
dency may be due to the available grain boundary orien-
tations of the tin in the Tin-Top layer.

The distribution of surface crack depths is shown in
Figure 8B, where the value of depth was normalized with
respect to the local thickness of the Tin-Top layer. The
percentage of surface cracks propagating through to the
bottom surface of the Tin-Top layer were found to be very
low in each type of 2IML multilayer coatings (lower than
20%), reflecting the high crack resistance related to the
shielding effects when the crack propagates from softer
material to harder material.

The percentage of surface cracks in various 2IML
multilayer coatings with different IML-Top layer location
and thicknesses has been counted in our previous
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observations6,11 and are shown in Figure 9. The percent-
age of surface cracks (55% or more) outweighs the per-
centage of subsurface cracks for all architectures,
indicating the surface initiation mechanism plays the
dominant role in the fatigue failure of these 2IML multi-
layer coatings. Considering the effect of IML-Top layer

FIGURE 7 (A) Hardness data located in Tin-Top layer and Tin-Bottom layer and corresponding probability distribution, (B) reduced

modulus data located in Tin-Top layer and Tin-Bottom layer and corresponding probability distribution, (C) hardness data located in areas

around IML-Top layer and IML-Bottom layer, (D) reduced modulus data located in areas around IML-Top layer and IML-Bottom layer, and

(E) relationship between hardness and reduced modulus for all nanoindentation data [Colour figure can be viewed at wileyonlinelibrary.

com]

TABLE 3 Measured material properties of materials in 2IML

multilayer coatings by nanoindentation

Tin-based alloy IML

Hardness (GPa) 0.18 12

Young's modulus (GPa) 22.8 215.9
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thickness, the increase of surface crack proportion mov-
ing from 2IML-B-L to 2IML-B-S can be seen in Figure 9B.
This indicates the increase of surface initiation mecha-
nisms with a decrease of IML-Top layer thickness.

Subsurface cracks related to different subsurface char-
acteristics were captured, indicating the existence of mul-
tiple subsurface crack initiation mechanisms. They
include subsurface cracks initiated at (1) the remaining
unreacted center nickel layer in the intermediate IML-
Top layer (see Figure 10B), identified as Ni-induced sub-
surface initiation mechanism; (2) voids located in tin-
based layers (see Figure 10C), identified as void-induced
subsurface initiation mechanism; and (3) initiation at
subsurface interfaces (see Figure 10D), identified as

interface-induced subsurface initiation mechanism.
These crack initiation processes are due to the raised
local stress concentrations at subsurface microstructural
stress concentrating features (voids or the interface
roughness profile) and weaker adhesion properties at
subsurface interfaces.

Due to the limited total number of experimentally
captured subsurface cracks and as the existence of multi-
ple subsurface crack initiation mechanisms will signifi-
cantly affect the representativeness of any statistical
experimental results, the percentage of each subsurface
crack initiation mechanism in the various 2IML multi-
layer coatings were not counted individually. Their
changes with the change of coating architecture will be

FIGURE 8 Frequency distribution

histogram of (A) initial angle of surface cracks

and (B) crack depth in Tin-Top layer in studied

2IML multilayer coatings [Colour figure can be

viewed at wileyonlinelibrary.com]

FIGURE 9 Percentage of surface

cracks in 2IML multilayer coatings with

different (A) location11 and

(B) thickness6 of IML-Top layer, where

A/B/C/D and S/M/L relate to the

location and thickness of IML-Top layer

shown in Figure 2 [Colour figure can be

viewed at wileyonlinelibrary.com]
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revealed indirectly by theoretical analysis in the next
section.

3.3 | Effect of surface crack initiation
mechanism on fatigue life improvement

In the determination of the crack initiation life, fatigue
strength and local stress distribution are key factors. The
nanoindentation research in Section 3.1 has indicated the
thickness-independent characteristics of tin material
properties whatever the layer thickness (in the studied
thickness range). In line with the mechanical properties
of the tin layer,28 the fatigue strength of the Tin-Top layer
in various 2IML multilayer coatings (studied in this
research) is expected to be similar. As a result, the change
of surface local stress distribution in various 2IML multi-
layer coating architectures (IML-Top layer location and
thickness) is expected to correspond to a change of crack
initiation life. It should be noted that the local stress dis-
tribution is determined by surface roughness and surface
stress distribution. As the similar surface roughness of
various 2IML multilayer coating architectures studied in
this research has been reported in previous research,6,11

the change of surface stress distribution is expected to
correspond to a change of crack initiation life in terms of

promoting/demoting a surface crack initiation
mechanism.

Figure 11A,B shows the stress distribution along the
top surface (Line AB in Figure 5) in 2IML multilayer
coatings when varying the individual effect of IML-Top
layer location (2IML-A/B/C/D-M) and thickness (2IML-
B-S/M/L), respectively, where the location of loading line
is marked by the dashed line. In each multilayer coating
architecture, the simulated variation of von Mises stress
on the top surface at the point located at the loading line
(Point O in Figure 5) experiences the maximum stress.
This indicates that the possibility of surface crack initia-
tion decreases from Point O in both directions (along the
Line AB) away from this point. Comparing the surface
stress distribution in different 2IML multilayer coatings,
the decrease of stress level from the 2IML-A-M to 2IML-
D-M in Figure 11A and from the 2IML-B-L to 2IML-B-S
in Figure 11B can be found. This decrease of stress level
at top surface (Line AB) with the change of IML-Top
layer is due to the decrease of stiffness under the loading
conditions. Given the similar top surface roughness of all
2IML multilayer coatings,6,11 this decrease of stress level
represents an expected increase of crack initiation life if
the surface crack initiation mechanism predominates.
This indicates that an enhancement of surface crack initi-
ation resistance can be achieved by locating the IML-Top

FIGURE 10 (A) Surface cracks and subsurface cracks initiated at the (B) IML layer, (C) interfaces between tin layer and IML layer, and

(D) voids [Colour figure can be viewed at wileyonlinelibrary.com]
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layer closer to the top surface or decreasing the thickness
of the IML-Top layer. As the increase of overall fatigue
life with these variations of IML-Top layer location and
thickness was observed (indicated by previous experi-
mental investigations6,11), reducing the surface initiation
mechanism is therefore an important factor controlling
the fatigue improvement of 2IML multilayer coatings.
The degree of fatigue improvement will be determined
after comparing it with what controls other crack initia-
tion mechanisms.

3.4 | Mechanics analysis of subsurface
crack initiation mechanisms

Subsurface crack initiation mechanisms in 2IML multi-
layer coatings investigated in this research have been
classified into Ni-induced, void-induced, and interface-
induced subsurface initiation mechanism based on differ-
ent initiation subsurface characteristics (stated in
Section 3.2). Investigating the stress distribution along
the thickness direction in various 2IML multilayer

coatings can help to understand the effect of coating
architectural parameters on subsurface crack initiation
mechanisms. The stress distribution along the thickness
direction (Line OD/loading line in Figure 5) in 2IML
multilayer coatings considering the individual effect of
IML-Top layer location (2IML-A/B/C/D-M) and thick-
ness (2IML-B-S/M/L), respectively, are shown in
Figure 12A,B, where y represents the depth direction.

In terms of a specific 2IML multilayer coating, the
increase of von Mises stress in the same material (what-
ever the layer they are located in) at the lowest values of
y (i.e., closer to the top surface) can be seen. Take the
2IML-B-M multilayer coatings as an example (see
Figure 12A), the von Mises stress in the tin increases
from 112 MPa at the bottom surface of Tin-Bottom layer
(y = 19.0) to 234 MPa at the top surface of Tin-Top layer
(y = 0) and that in IML increases from 746 MPa
(y = 22.0) at the bottom surface of IML-Bottom layer to
1643 MPa at the top surface of this layer (y = 8.6). This
stress distribution indicates that the maximum stress in
tin and IML is located in the top surface of the Tin-Top
layer and IML-Top layer, respectively, thus representing

FIGURE 11 von Mises stress distribution along the top surface of overlayer coatings in 2IML multilayer coatings with the different:

(A) location of IML-Top layer and (B) thickness of IML-Top layer [Colour figure can be viewed at wileyonlinelibrary.com]
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a higher possibility of crack initiation at these two loca-
tions (corresponding to a surface initiation mechanism
and an interface-induced subsurface initiation mecha-
nism). It should be noted that the considerably higher
maximum stress in the IML compared to that in tin does
not necessarily represent a higher possibility of an
interface-induced subsurface initiation mechanism. This
is because there are two other factors that need to be con-
sidered in the priority determination of surface and sub-
surface crack initiation: (a) the stress concentration
related to the roughness profile of different interfaces and
(b) the fatigue strength for different materials.

Comparing the simulated stress distribution along the
thickness direction for different 2IML multilayer coat-
ings, the stress at the same location (the same y value in
Figure 12) in the same layer decreases from the 2IML-
A-M to 2IML-D-M (see Figure 12A). At the top surface
center of 2IML multilayer coatings (y = 0 in Tin-Top
layer), this decrease of stress is from 254 to 238 MPa. It
should be noted that (a) the expected similar fatigue
strength of the Tin-Top layer in various 2IML multilayer
coatings studied in this research has been stated in
Section 3.3 and (b) previous experimental research indi-
cated the tiny effect of IML-Top layer's location on the
top surface roughness.11 As a result, this decrease of
stress represents the potential increase of crack initiation
life under the surface initiation mechanism. This reveals
the improvement of crack initiation life if the surface ini-
tiation mechanism predominates as more constraint is
provided by locating the stiffer IML-Top layer closer to
the top surface of 2IML multilayer coatings
(corresponding to that revealed in Section 3.3).

However, this higher constraint means more stress is
supported by the stiffer IML-Top layer (see Figure 12A).
Thickness-independent mechanical properties of IML in
the studied thickness range have been indicated in Chen

et al.30 In line with its mechanical properties,28 the
fatigue strength of IML layer in various 2IML multilayer
coatings (studied in this research) is expected to be simi-
lar in various 2IML multilayer coatings studied in this
research. In terms of top/bottom interfaces of IML-Top
layer in various 2IML multilayer coatings studied in this
research, the fatigue strength can also be expected to be
similar. The reasons are their similar roughness parame-
ters and manufacturing process. Therefore, more stress
supported by the stiffer IML-Top layer represents poten-
tially easier subsurface crack initiation related to the
IML-Top layer (also shorter crack initiation life under the
interface-induced subsurface initiation mechanism and
Ni-induced subsurface initiation mechanism for similar
roughness interfaces11). They are opposite to that
predicted if surface initiation mechanism occurs. This
indicates that the effect of locating the IML-Top layer
closer to the top surface on the crack initiation life
depends on the balance of different crack initiation
mechanisms.

The decrease of stress at the same location (same y) in
the same layer going from the 2IML-B-L to 2IML-B-S can
be seen in Figure 12B. At the top surface center of 2IML
multilayer coatings (y = 0 in Tin-Top layer), the stress
decreases from 270 to 234 MPa. This indicates more
cycles will be required for crack initiation under the sur-
face initiation mechanism in 2IML multilayer coatings
with the thicker IML-Top layer because (a) the similar
top surface roughness for 2IML-B-S/M/L have been indi-
cated in previous experimental research6 and (b) the sim-
ilar fatigue strength of Tin-Top layer in the studied
thickness range has been stated in Section 3.1. In other
words, the effect of decreasing the IML-Top layer thick-
ness on the crack initiation life under the surface initia-
tion mechanism is the same as that of locating the IML-
Top layer closer to the overlay coatings' top surface.

FIGURE 12 von Mises stress distribution along the thickness direction of overlayer coatings in 2IML multilayer coatings with the

different: (A) location and (B) thickness of IML-Top layer [Colour figure can be viewed at wileyonlinelibrary.com]
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However, the decrease of stress in the IML-Top layer
with the decrease of the IML-Top layer thickness can be
found in Figure 12B (this is opposite to the change of
stress level by locating the IML-Top layer closer to the
overlay coatings' top surface). This represents a predicted
increase of crack initiation life under crack initiation
mechanisms related to the IML-Top layer, given the simi-
lar interface roughness and fatigue strength of this layer.6

In terms of change of void-induced subsurface initia-
tion mechanism in various 2IML multilayer coatings, the
fatigue strength, voids distribution, and stress distribu-
tion in the Tin-bottom layer need to be considered. The
fatigue strength of the Tin-Bottom layer in various 2IML
multilayer coatings studied in this research was also
expected to be similar due to the thickness independence
characteristics of tin mechanical properties. As a result,
the distribution of voids and stress in the Tin-Bottom
layer are main factors affecting the potential crack initia-
tion life under the void-induced subsurface initiation
mechanism. Size-dependent characteristics of voids in
Tin-Bottom layer have been indicated in previous experi-
mental research.6 They are formed due to the volume
change of the thin and constrained Tin-Bottom layer in
the formation process of the top and bottom IML layers,
where the tin diffuses into the two Ni layers under
annealing (diffusion from the surface Sn layer will not
form voids as the surface is not constrained).7,10,11 For
the same IML layer thickness (�3 μm), the total volume
of these voids is a smaller proportion of a thicker Sn bot-
tom layer because the same volume change is required.
As these voids will raise the local stress concentration

and result in crack initiation, a smaller proportion of
these voids in the Tin-Bottom layer will result in a
decrease possibility of crack initiation under the void-
induced initiation mechanism.

By locating the IML-Top layer closer to the top sur-
face without varying the thickness of IML-Top layer
(from 2IML-A-M to 2IML-D-M), the thickness of Tin-
Bottom layer increases, with a corresponding expected
decrease of proportion of voids in the Tin-Bottom layer.
Besides, the decrease of stress in Tin-Bottom layer at the
same location (same y value) can be seen in Figure 12A.
The crack initiation life of the void-induced initiation
mechanism is therefore deduced to increase. In terms of
the effect of IML-Top layer thickness, decreasing thick-
ness (from 2IML-B-L to 2IML-B-S) will also lead to an
increase of Tin-Bottom layer thickness (see Figure 2C).
As less volume change of Sn is required to form the thin-
ner IML layer, the total volume of voids is expected to be
a smaller proportion of a thicker Sn bottom layer. This
will result in the decrease void-induced subsurface initia-
tion mechanism. Besides, the decrease of stress in Tin-
Bottom layer at the same location (same y value) can be
seen in Figure 12B. The crack initiation life of the void-
induced initiation mechanism is therefore deduced to
increase. Crack initiation mechanism information rev-
ealed by the FE analysis reported here is summarized in
Table 4, including the crack initiation location, the stress
change at this location, the related change in crack initia-
tion possibility in determining the fatigue resistance
improvement of coatings, and the potential change of
crack initiation life under corresponding crack initiation

TABLE 4 The changes of stress level, possibility of crack initiation, and potential crack initiation life corresponding to each crack

initiation mechanism with the effect of IML-Top layer's location and thickness in the fatigue resistance improvement of 2IML multilayer

coatings

Type of crack initiation
mechanisms

Fatigue resistance improvement in the 2IML multilayer coatings

Locating the IML-Top layer closer to the top
surface Decreasing the thickness of IML-Top layer

Stress
level

Possibility of
crack initiation

Potential crack
initiation life

Stress
level

Possibility of
crack initiation

Potential crack
initiation life

Surface initiation
mechanism

Decrease Decrease Increase Decrease Decrease Increase

Ni-induced subsurface
initiation mechanism

Increase Increase Decrease Decrease Decrease Increase

Interface-induced
subsurface initiation
mechanism

Increase Increase Decrease Decrease Decrease Increase

Void-induced subsurface
initiation mechanism

Decrease Decrease Increase Decrease Decrease Increase

Note: The void-induced subsurface initiation mechanism is dominated by stress concentrations associated with voids; therefore, they are not considered in this

analysis.

1048 LU ET AL.

 14602695, 2022, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ffe.13649 by U

niversity O
f Southam

pton, W
iley O

nline L
ibrary on [17/01/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



mechanisms. They are summarized in terms of designing
coating architectural parameters to improve the fatigue
performance (i.e., locating the IML-Top layer closer to
the top surface or decreasing the thickness of IML-Top
layer). By locating the IML-Top layer closer to the top
surface, the reduction of fatigue lifetimes under interface-
induced and Ni-induced subsurface initiation mechanism
can be found. They are opposite to that predicted if sur-
face initiation mechanism or void-induced subsurface ini-
tiation mechanism, indicating that these two subsurface
initiation mechanisms may ultimately hinder the
improvement of fatigue performance possible in 2IML
multilayer coatings. By decreasing the thickness of IML-
Top layer, a similar effect (improving the fatigue perfor-
mance) on the fatigue performance of 2IML multilayer
coatings can be found for all initiation mechanisms (sur-
face, Interface-induced subsurface and Ni-induced sub-
surface). It should be noted that the same effect is seen
for all crack initiation mechanisms with varying the
thickness of the IML-Top layer but the opposite effect is
seen with varying the location of IML-Top layer on
fatigue performance. Thus, the simulation indicates that
varying the thickness of IML-Top layer will improve the
fatigue performance of 2IML multilayer coatings more
significantly than varying the layer location. This also
corresponds to the results reported in our previous
fatigue tests,6,11 where the measured fatigue life of 2IML
multilayer coatings with the thinnest IML-Top layer
(2IML-B-S) is higher than that of other coatings.

In summary, optimizing the design of 2IML multi-
layer coatings based on the fatigue performance should
aim to further decrease the occurrence of subsurface
crack initiation related to the IML-Top layer via improve-
ment of the manufacturing technique. The following
manufacturing aims would avoid these subsurface initia-
tion mechanisms: (1) ensure the Ni-Top layer is fully
reacted in the annealing process (eliminate the unreacted
nickel layer in the intermediate IML-Top layer) to
decrease the possibility of crack initiation under Ni-
induced subsurface initiation mechanism; (2) increase
the subsurface interface strength and decrease its rough-
ness to decrease the possibility of crack initiation under
the interface-induced subsurface initiation mechanism;
and (3) lower the density of voids occurring in the
annealing process to decrease the possibility of crack ini-
tiation under void-induced subsurface initiation
mechanism.

4 | CONCLUSIONS

Variation in the mechanism of fatigue failure in 2IML
multilayer overlayer coatings with coating architectural

parameters was investigated in this research (i.e., locating
the IML-Top layer closer to the top surface or decreasing
the IML-Top layer thickness). Experimental work was
carried out to measure the mechanical properties of each
layer and to observe the crack morphologies on the sec-
tioned surfaces of various multilayer coatings. Numerical
simulation and theoretical analysis were conducted to
understand fatigue failure mechanisms, in particular the
change between each crack initiation mechanism. The
following conclusions can be drawn:

1. In the thickness range (2.86–13.87 μm), no significant
size dependence behavior for the material properties
of the tin-based layers was observed. In line with the
material properties, the fatigue performance of tin is
expected to be similar in this thickness range.

2. In 2IML multilayer coatings, the crack initiates at sur-
face of overlay coatings and a series of subsurface
characteristics, including voids, remaining unreacted
nickel layer in the IML and interface features.

3. Over 55% of cracks observed were surface cracks in all
configurations. Locating the IML-Top layer closer to
the top surface or decreasing the thickness of this
layer can reduce the stress level at the top surface, rep-
resenting the enhancement of surface crack initiation
resistance. As this trend in expected crack initiation
lives agrees with measured fatigue lives in previous
fatigue tests (varying IML-Top layer location and
thickness), the surface initiation mechanism is clearly
an important factor in the fatigue performance
improvement of 2IML multilayer coatings.

4. Due to the decrease of stress and void distribution in
Tin-Bottom layer, the potential crack initiation possi-
bility under the void-induced subsurface crack initia-
tion mechanism decreases when locating the IML-Top
layer closer to the top surface or increasing the thick-
ness of this layer (help to improve the fatigue perfor-
mance). Due to the change of stress distribution in
IML-Top layer and the similar fatigue strength at the
same subsurface characteristics, Ni-induced and
interface-induced subsurface initiation mechanisms
help to achieve fatigue performance improvement of
2IML multilayer coatings by decreasing the IML-Top
layer thickness. But they may retard the fatigue per-
formance improvement of 2IML multilayer coatings
by moving the IML-Top layer location closer to the
top surface.

5. Optimizing the design of 2IML multilayer coatings
based on the fatigue performance should eliminate
the unreacted nickel layer in the intermediate IML-
Top layer (decrease the Ni-induced subsurface initia-
tion possibility), increase the subsurface interface
strength and decrease its roughness (decrease the
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Interface-induced subsurface initiation possibility),
and lower the density of voids occurring in the
annealing process (decrease the void-induced subsur-
face initiation possibility).
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