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ARTICLE INFO ABSTRACT
Keywords: Micron-thick hard coatings find widespread applications, with fracture toughness being a crucial
Fracture toughness measurement property that ensures their usability. However, measuring the fracture toughness of hard coatings

Hard coatings
Uniaxial tension
Multiple cracks
Residual stress

is time-consuming and costly due to the susceptibility to cracking and small sample size. Thus,
developing a simple, effective and precise measurement method is necessary. This work presents
an analytical model that calculates K¢ from crack spacing induced by uniaxial tension. By
measuring the variation of crack spacing, this model determines the fracture toughness from the
energy difference during the coating fracture, and residual stress can also be estimated. This
simple method overcomes the limitations of uniaxial tension methods, does not require any in-
situ observations, and offers low-cost and user-friendly testing. The K¢ of TiN coatings with 2
pm thickness were tested and found to match the micro-cantilever beam test results from the
literature. This model used data from other literature to calculate the toughness of diamond and
a-C:H thin coatings, showing its generality. Additionally, our model’s estimation of residual stress
in coatings, as reported in the literature, is accurate to within 0.1 ~ 1 GPa.

1. Introduction

Hard coatings are widely used in various fields, such as cutting and molding, geology, textiles, automotive, mechanical and
aerospace engineering [ 1-4]. Fracture toughness, a crucial service property of hard coatings, has consistently drawn extensive interest.
Fracture toughness is the ability of a material to resist unstable crack propagation. In the past few decades, fracture toughness has been
a key indicator to prevent catastrophic failure of structural materials [5]. Therefore, numerous studies strive to discover various ways
to enhance the material’s fracture toughness [6-8], which has also sparked a shared concern for the accurate evaluation of toughness.
However, quantitatively measuring the fracture toughness of micron-thick hard coatings is challenging because of their thinness,
brittleness and attachment to the substrate [9-12]. Therefore, despite many theoretically feasible measurement methods, it is difficult
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Nomenclature
K¢ critical stress intensity factor
G¢ critical energy release rate
U strain energy
U; volumetric elastic strain energy density
Uy strain energy of the fragment at stage-0
U, strain energy of the fragment at stage-1
U, strain energy of the fragment at stage-2
Us strain energy of the fragment at stage-3
Uc theoretic fracture energy
Uy final fracture energy
du Differential of crack propagation energy
dA Differential of surface area formed by crack propagation
da Differential of crack length formed by crack propagation
l crack spacing
L crack spacing at stage-1,
Iy crack spacing at stage-3,
€ strain
€0 Applied strain after the coating has just experienced a certain cracking
& fracture strain of coating
€a applied strain
Eres residual strain of coating induced by residual stress in coating
ol maximum elastic strain of substrate
o normal stress in the fragment along the x-axis
o1 coating stress at stage-1
o3 coating stress at stage-3
Ores initial residual stress in coating
o5 yield strength of substrate
h coating thickness
S substrate thickness
Ef Young’s modulus of coating
E Young’s modulus of substrate
Ef plane strain Young’s modulus of coating
vf Poisson ratio of coating
s Poisson ratio of substrate
14 the volume of the fragment
p a dimensionless coefficient determined by the thickness of the coating and the substrate
stage-0 The stage after the coating has just experienced a certain cracking, with lower strain energy
stage-1  The stage where the coating is about to experience new cracking, with higher strain energy and unchanged crack
spacing
stage-2 The stage where the coating is actively cracking, with changing strain energy and crack spacing
stage-3  The stage after the coating has completed cracking, with lower strain energy and reduced crack spacing
A Group with large crack spacing
B Group with medium crack spacing
C Group with small crack spacing
D Comprehensive group
E Additional group
DR residual stress derived by SDSS model
FT fracture toughness
RS assumed residual stress
Ave Average fracture toughness
SD Standard deviation of fracture toughness
SDSS Spacing and Difference between Squares of Stresses model
HSS High-strength steel
TiN-0.02 TiN sample with an applied strain of 2 %
TiN-0.04 TiN sample with an applied strain of 4 %
TiN-0.06 TiN sample with an applied strain of 6 %
D1 The 1st data set of Diamond coating literature’s crack spacing and applied strain, details in Table 6
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D2 The 2nd data set of Diamond coating literature’s crack spacing and applied strain, details in Table 6
D3 The 3rd data set of Diamond coating literature’s crack spacing and applied strain, details in Table 6
D4 The 4th data set of Diamond coating literature’s crack spacing and applied strain, details in Table 6
D5 The 5th data set of Diamond coating literature’s crack spacing and applied strain, details in Table 6
D6 The 6th data set of Diamond coating literature’s crack spacing and applied strain, details in Table 6
D7 The 7th data set of Diamond coating literature’s crack spacing and applied strain, details in Table 6
D8 The 8th data set of Diamond coating literature’s crack spacing and applied strain, details in Table 6
al The 1st data set of a-C:H coating literature’s crack spacing and applied strain, details in Table 6

a2 The 2nd data set of a-C:H coating literature’s crack spacing and applied strain, details in Table 6
a3 The 3rd data set of a-C:H coating literature’s crack spacing and applied strain, details in Table 6

a4 The 4th data set of a-C:H coating literature’s crack spacing and applied strain, details in Table 6

a5 The 5th data set of a-C:H coating literature’s crack spacing and applied strain, details in Table 6

a6 The 6th data set of a-C:H coating literature’s crack spacing and applied strain, details in Table 6

a7 The 7th data set of a-C:H coating literature’s crack spacing and applied strain, details in Table 6

a8 The 8th data set of a-C:H coating literature’s crack spacing and applied strain, details in Table 6

a9 The 9th data set of a-C:H coating literature’s crack spacing and applied strain, details in Table 6
alo The 10th data set of a-C:H coating literature’s crack spacing and applied strain, details in Table 6

to avoid the influence of the challenges above on sample preparation and loading, which hinders their widespread application. Micro-
cantilever beam bending [13-15] and nano-indentation [16-18] are well-accepted methods in terms of evaluation mechanisms.
However, micro-cantilever beam bending requires the use of FIB (Focused Ion Beam) to etch a complete micro-sized cantilever beam
with a notch in the coating, followed by precise loading through in-situ nano-indentation. Therefore, the time and monetary costs of
sample preparation and loading are high. Nano-indentation, to avoid the influence of the substrate, must reduce the load and thus
control the indentation depth to 1/10 of the film thickness [19]. Small loads are difficult to exceed the threshold for radial crack
formation in hard materials [20], and the length of radial cracks produced by indentation is a necessary parameter for calculating
toughness. Therefore, the loading of nano-indentation has significant limitations. There are many similar measurement methods, but
we still lack a method that is acceptable to most people in terms of sample preparation, loading, and cost, and that produces accurate
results.

Reports have shown that uniaxial tension can be used as a simple and effective method to study the fracture behavior of coatings
with a substrate [21-23]. Beuth et al. [24] proposed a model to determine the fracture energy release rate of coatings attached to the
substrate based on uniaxial tensile loading. From this model, a simple method to measure fracture toughness without complex sample
preparation and loading was derived. The buckling [25] and bending [26] methods were also based on this model. As research
progressed, some studies showed that coatings develop continuous vertical cracks under large applied strain [27]. These cracks can be
accurately counted and adjusted by varying the applied strain, facilitating the study of coating fracture. Researchers have linked this
phenomenon with coating fracture toughness and proposed a series of models [28-32] based on the spacing between multiple cracks to
improve the accuracy of the results. These models have achieved good results, and most of them have been experimentally verified.
This work will utilize simple, low-cost uniaxial tension with sample preparation and loading that can be carried out with a substrate.
The accuracy of the results is ensured by numerous corrections based on crack spacing. Furthermore, the method proposed in this
work, based on the aforementioned models, can be applied to different strains and crack spacings within a single sample.

Although uniaxial tension is a simple method to measure coating toughness, it’s easily influenced by applied strain and residual
stress. Uniaxial tension mainly relies on measuring the applied strain at the time of coating fracture to evaluate toughness, according to
Beuth’s model [24]. Thus, an accurate fracture strain is the key. However, accurate measurement of fracture strain is challenging and
requires in-situ observation, increasing testing costs. In addition, the measurement of fracture strain inevitably produces bias, and even
small biases in fracture strain measurement can significantly impact the results of uniaxial tension. These studies [33-35] used in-situ
observation technology to measure the fracture strain of micron-thick TiN coatings prepared by ion plating, and their bias ranged from
0.006 to 0.014. If Beuth’s model is used for calculation, a strain bias of about 0.01 will cause a deviation of about 6 MPa - m*/2 in the
calculated toughness, which is almost 300 % of the average toughness of TiN [13,15,36-43]. Therefore, reducing the impact of applied
strain on results is a crucial challenge in improving the uniaxial tension method.

Residual stress in coatings, often comparable to or even several times the fracture stress [44,45], can significantly affect toughness
measurements. Most toughness measurement methods require pre-measurement of residual stress to account for this effect and obtain
intrinsic fracture toughness. Although there are many methods [44-46] to measure residual stress, the measurement undoubtedly
increases the cost and reduces the efficiency of toughness measurement. Therefore, many cases [47-50] directly ignore the mea-
surement of residual stress and determine the toughness of the coating. Ignoring residual stress can introduce bias, and a method that
accurately measures toughness independent of residual stress measurement would be highly significant for thin film material research.

This work aims to develop an efficient, accurate, and low-cost measurement method based on uniaxial tension. This method will
overcome the limitations of uniaxial tension being easily affected by applied strain. Additionally, this method will yield results close to
intrinsic fracture toughness without considering residual stress. In this work, a model was developed to calculate Kjc from crack
spacing induced by uniaxial tension, based on the correlation between crack spacing and fracture energy, and a test method was
proposed. The results of this method are verified through comparison with experiments and literature results. The proposed method is
applied to TiN coatings deposited on high-strength steel (HSS) substrates by magnetron sputtering. TiN is a commonly used hard
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coating [51] that is an ideal test subject for the proposed method due to its isotropic elasticity [5], high hardness [52], brittleness [13],
with a relatively stable fracture toughness range of 1.5 to 3 MPa e m'/2 [13,15,36-43].

2. Modelling
2.1. Multiple crack formation in coatings

When uniaxial tension is applied to a ductile substrate with a brittle coating, the substrate gradually deforms, generating tensile
stress. This stress is transferred to the coating through shear stress at the coating-substrate interface, resulting in the gradual accu-
mulation of tensile stress within the coating. Eventually, the coating reaches its fracture strength, leading to coating cracking. Upon
cracking, stress is released, and multiple fragments form. These fragments re-accumulate tensile stress under subsequent applied strain,
leading to further cracking. This cyclic process results in multiple crack events within the original coating, with fragment sizes
decreasing over time. Eventually, when the interface length between fragments and the substrate (typically comparable to the min-
imum crack spacing on the coating surface) becomes insufficient to transfer stress effectively, even higher applied strain won’t further
reduce fragment size, and coating cracking ceases. This represents the general process of multiple surface cracks in coatings. For
further details, refer to the work by Bernoulli [27]. This process is characterized by identical conditions for each cracking event, except
for strain, spacing, and energy differences, allowing for intrinsic fracture toughness assessment through crack spacing comparison.
Consequently, our model is built on this principle, evaluating coating fracture toughness by comparing energy differences between
cracked coatings based on crack spacing, rather than comparing intact coatings with cracked ones.

2.2. Determination of fracture energy and fracture toughness

To determine fracture toughness based on Griffith’s criterion [53], it’s necessary to obtain fracture energy. Fracture energy is the
amount of energy released when a crack propagates through a coating. To obtain it, one must identify the correct component of energy
during coating fracture. Assuming a coating with any length, unit width, and some thickness, ideal film-base bonding, and no crack
density saturation, any additional interlayer is not considered in the modeling. Additionally, we consider that each time the applied
strain reaches the fracture strain of a coating fragment, that fragment cracks and simultaneously forms multiple cracks. These cracks all
develop under identical conditions, with no interaction between them. All formulas used in this work adhere to the international
system of units. Fig. 1 illustrates how energy varies with crack spacing within the coating. Note that all stages depicted in Fig. 1 are
during loading.

Stage 0 shows that after experiencing one or more cracking events, the coating develops cracks and releases energy in the coating.
The coating is split into a fragment by cracks, which is about to be stretched further. The fragment has a crack spacing [; and an applied
strain &g. Its energy is Uy, which serves as a strain energy baseline for subsequent analysis.

Next, the fragment’s strain energy is raised by increasing the applied strain. At this point, the coating still retains the crack spacing
resulting from the previous cracking event. Per the shear lag model for stress distribution, energy accumulates preferentially in the
middle [54]. Until the applied strain reaches a certain level, there is a high strain energy in the fragment, which can meet the initiation
and propagation of cracks. The fragment is about to fracture, as shown in stage 1 of Fig. 1. Applied strain for coating fracture is &, and
the fragment’s energy is U;.

Increasing applied strain

Coating strain
energy level
Uy U, U, Us
High
L L Critical
™~ ~ \
Prior cracks New crack
e —— S [ | = Baseline
Newly formed Fragment New crack initiation Crack propagation
fragment approaching fracture & propagation completed

W AGEND W AGES]L W AGE Z il A GE

Fig. 1. A schematic diagram of the relationship between the crack spacing and the coating strain energy at each stage with increased applied strain.
The theoretical fracture energy Uc is determined by the difference between the energy U, of the crack propagation at stage 2 and energy Us of the
completed crack propagation at stage 3.
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Under the same strain, defects in the middle of the fragment consume part of the strain energy, forming cracks, and the energy also
drops in a critical level below the onset of the unstable propagation. At this time, crack tips consume strain energy and propagate, while
regions where the crack passes through have energy drop to baseline level, as shown in stage 2 of Fig. 1. The applied strain remains &¢
and the fragment’s energy is Us.

When crack tips reach edge regions, the crack stops growing. A new crack splits the fragment into two new fragments with new
crack spacing I, and strain energy drops to baseline, as shown in stage 3 of Fig. 1. Because in brittle materials, crack propagation is
very fast, at this time applied strain is still &, while coating has energy Us. As a result, with increasing applied strain, coating repeats
above changes, constantly producing new cracks and decreasing crack spacing. It can be found that energy consumed by crack
propagation U should be the difference between U, and Us, thus determining theoretical fracture energy Uc = Uz —Us. This energy
applies to each newly formed crack.

According to Griffith’s criterion and Beuth’s calculation of the energy release rate for coating channel cracks [24] (i.e., the cracks in
this study), the following expression defines the energy release rate of crack propagation in the coating:

du du Uc
"dA~ h-da h =

Here, G¢ is the critical energy release rate, dA is the new surface area formed by crack propagation, da represents the crack
propagation length. In this model, da is the unit width. h is the coating thickness, and —dU is replaced by U¢, where the negative sign
only indicates the direction. Note that Eq.(1) theoretically applies to an individual crack. However, in this study, this equation applies
to all newly formed cracks. Because we assume that all newly formed cracks follow the same conditions. Instead, K¢ and G are related
as follows:

Ke = /Gely = \/UCE; @

K is the critical stress intensity factor, E; = Ey/ (1 - zxf) is the plane strain Young’s modulus of the coating [5,24], E; is the Young’s

GC:

modulus and ¢ is the Poisson’s ratio of the coating. Thus, a fracture energy-based fracture toughness formula is obtained. It should be
noted that this value will be higher than the actual toughness due to the inclusion of energy of crack initiation. Despite this, it’s still
useful for evaluating the fracture toughness of brittle coatings. The presence of internal defects in brittle materials can reduce the
energy required for crack initiation, thus minimizing this deviation.

2.3. Calculation for fracture energy

The theoretical fracture energy U., which determines the fracture toughness, depends on the strain energy of the fragments.
Generally, U, can be obtained by integrating the crack opening displacement function and multiplying the stress over crack propa-
gation length [24,53,55], or integrating the critical energy release rate over propagation length [27,56]. However, these methods do
not capture internal energy change due to spacing variation. Instead, the crack spacing model applies to brittle hard coatings that
behave as linear elastic bodies under axial tension, producing normal stress at the cross-section of the coating. Thus, we can use the
elastic strain energy equation for axial rods to calculate their strain energy. The following formula expresses the strain energy of a
fragment with a given crack spacing:

_o?lh

1
U—Ui-V—E(7€~V—2—be 3)

Here, U; = 1o¢ is the volumetric elastic strain energy density. V is the volume of the fragment, which has a length of [ (the crack
spacing), a thickness of h (the coating thickness), and a unit width. ¢ is the normal stress in the fragment along the x-axis. This o is
obtained by using Ahmed’s model [57], which can calculate the normal stress distribution in the fragments along the uniaxial tensile
direction based on the crack spacing and the applied strain. Ahmed used this model to calculate stress changes in a cracked diamond
coating under uniaxial tension with a Ti substrate, which was verified experimentally. This work follows the model’s assumptions:
ideal bonding, no buckling or delamination, no interlayer effects, and studies a system with a brittle coating and an elastoplastic
substrate. Moreover, the normal stress at the center of the fragment is chosen for calculating the strain energy in this work, because this
stress is maximal according to the shear lag model [54] and Ahmed’s experimental results. The stress expression is as follows [57]:

o(l) = {Efeel (1ufys)} -1 +{ 5 Hfsm(l +vf)+(1fvf”x)'(8a*%z” @

12 2
1-4 cosh(%’) 1-4

Here, [ is the crack spacing, Ey is Young’s modulus of the coating, E; is Young’s modulus of the substrate, &, is the maximum elastic
strain of the substrate, i.e. Ei’ vs is the Poisson’s ratio of the substrate, j is a dimensionless coefficient determined by the thickness of the
coating and the substrate, & is the residual strain of the coating and determined by oyes/Ej, o is the initial residual stress in coating,
€q is the applied strain, and o; is the flow stress of the substrate, which is substituted by the yield strength in this work. Regarding the $
coefficient, the specific equation is [57]
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Here, s is the substrate thickness. For further details on establishing the stress calculation model mentioned above, interested readers
are advised to refer to Ahmed’s work [57]. Using Egs. (3), (4), and (5), we can derive the strain energy expressions of the fragment at
each stage, as follows:

_ O'%hll

2E;’

_ 2(7%’112

U 3
! 2E;

(6)

3

Here, o, is the stress in the coating at stage 1, and o3 is the stress in the coating at stage 3. We know that [; represents the crack spacing
at stage 1, and I is the crack spacing at stage 3. Unlike I, which can be measured after unloading, [; reflects historical crack initiation
and requires in-situ observation for accurate determination. Since our work does not involve in-situ observations, we assume that [; is
twice the value of I, based on the shear-lag model proposed by Agrawal and Raj [54]. According to this model, stress accumulation in
the coating fragments occurs primarily at the midpoint, resulting in crack initiation at that location. Consequently, the original crack
spacing at stage 1 is halved due to the formation of a new crack at the midpoint. Thus, we consider [; to be twice the crack spacing of
stage 3 (I; = 2I). Additionally, Ahmed’s measurements of stress distribution during diamond coating tensile testing support this
assumption [57]. However, it’s important to note that this assumption introduces bias into our toughness calculations, as discussed in
section 5.2.1. Note that the equation for Us has an additional factor of 2 compared to Ui, as the coating fragment is split into two parts
by the new crack, which needs to be compensated for without omission in the calculated energy.

As previously stated, the theoretical fracture energy U requires U, and Us. But U, is unobtainable from the above formula, as stage
2 lacks a valid crack spacing for stress calculation. Hence, an approximate treatment is to use the energy difference before and after
crack propagation as a substitute [58]. In this work, the fracture energy Uy is substituted with the difference between strain energies of
U: and Us, denoted as the final fracture energy Uy. Since U; contains the energy of crack formation, Uy will be slightly larger than Ug.
Therefore, the fracture energy Uy is expressed as:
o3hly  20%hl, (0% — 203)h

— e — )
2B, 2F 2F;

Up=Up—Us =

Since the previous assumption was that cracks only formed in the middle, implying I; always equals 2 I, the Uy expression simplifies to:

(2 — A)hl,

U =
f Ef

®

2.4. SDSS model

After obtaining the expression of fracture energy (Eq. (8)), combined with Eq. (2), the expression of coating fracture toughness
based on crack spacing is obtained:

Kc = (6% — 6%)12 ©)

Here, 61 = 6(2l;) and o3 = o(lz). l» refers to the crack spacing after a new crack is formed, so in actual tests, it refers to the average
crack spacing on the coating surface after uniaxial tension. And coating stress ¢ is calculated using eq. (4). It should be pointed out that
the fracture strain should theoretically be based on the applied strain corresponding to the instant of new crack formation. But without
in-situ observation, one cannot directly determine when the crack spacing forms. Hence, for easier calculation, the actual applied
strain &, substitutes the fracture strain &. Furthermore, it is worth noting that our model does not incorporate parameters related to
initial defects or crack sizes. Unlike conventional fracture tests, which rely on measuring the propagation of individual cracks, our
method determines fracture toughness by measuring the change in crack spacing. This approach emphasizes the overall fracture
behavior of the coating rather than the propagation of individual cracks. Additionally, our model is based on ideal assumptions
regarding coating-substrate adhesion and the brittleness of the coating. Under these assumptions, the coating naturally develops
numerous cracks during uniaxial tension, without relying on pre-existing defects. Consequently, our model does not account for defect
sizes.

Finally, a model that estimates K¢ by considering both crack spacing and applied strain is obtained. It differs from conventional
models in that it employs a form of a difference between squares of two stresses, which is represented for the strain energy difference.
Hence, it is named the Spacing and Difference between Squares of Stresses (SDSS) model. The accuracy of this model will be validated
by comparing it with the reference values in the literature and other characterization methods.
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3. Experimental procedures
3.1. Sample preparation

Magnetron sputtering was used to deposit TiN coatings on high-strength steel. The substrates were cleaned in acetone and ethanol
for 15 min each and heated to 400 °C to enhance coating crystallization. A Ti (99.995 % purity) target was used with DC reactive
magnetron sputtering at 150 W power to deposit TiN coating on a high-strength steel substrate. The substrate was etched for 10 min at
—900 V bias voltage under 1.5 Pa Ar gas, then a Ti transition layer was deposited under 0.6 Pa Ar gas, followed by a TiN layer under 0.6
Pa Ny/Ar gas mixture (6 sccm/20 scem) at 400 °C for 3 h. A —50 V bias voltage was applied during deposition to obtain dense coatings.
The substrate material is high-strength steel (HSS) with the 815 MPa yield strength, 206 GPa Young’s modulus, and 0.3 Poisson’s ratio,
which was cut into dog-bone tensile samples with 0.8 mm thickness, 40 mm length, 10 mm gauge and 4 mm width (see Fig. 5(a)),
where the coating was deposited at the gauge length with both ends masked. The coating is also deposited on Si wafers, primarily for
obtaining scanning electron microscopy (SEM) images to determine coating thickness and morphology. The coating process is similar
to that used for the HSS substrate.

3.2. Characterization methods

The hardness and Young’s modulus of coatings were measured using a TI-900 in-situ nanomechanical testing system from Hysitron,
USA, loaded with a Berkovich indenter tip with a maximum load of 10 mN and a maximum indentation depth of about 120 nm. These
measurements were performed on coatings attached to HSS substrates. The surface and cross-sectional morphology of the coatings
were characterized by a Zeiss EVO-18 field emission scanning electron microscopy. The cross-sectional samples were obtained by
manually fracturing the coating adhered to silicon wafers, followed by SEM observation. The elemental composition of TiN was
determined using energy-dispersive X-ray spectroscopy (EDS) equipped on the scanning electron microscope.

Crack spacing in the coating was measured by counting cracks on the unloaded surface using a Leica DM2500 M materials analysis
microscope. Notably, we did not consider any changes in crack spacing after unloading. In this work, crack spacing statistics were
conducted as follows: the average crack spacing for each sample is calculated by taking 3 photos of different surface locations and
counting the average crack spacing at 3 different horizontal lines in each photo. The highest and lowest values among the 9 crack
spacings are discarded and the remaining values are averaged to obtain the final average crack spacing. Fig. 2 is an example of a
statistical image for average crack spacing. The a, b, and c represent the lines selected for crack spacing measurement, with more lines
being used in actual statistics. The selection of these lines should cover the entire field of view, and both the start and end of each line
must be in contact with a crack. Subsequently, count the number of cracks that cross the line (excluding the last crack contacted by the
horizontal line), and calculate the crack spacing by dividing the length of the line by the number of cracks. In Fig. 2, the crack spacings
for lines a, b, and c are 35.7 pm, 36.4 ym and 37.3 pm, respectively. Thus, the image yields three measurements of crack spacing. Then,
move horizontally left or right to capture at least 2 additional images from different positions. The positions should be as close as
possible to the center of the coating, with the densest distribution of cracks. There are no additional requirements for magnification,
but at least 5 cracks must be visible in the field of view. Follow the same procedure for the other 2 images to obtain 3 additional
measurements of crack spacing each, resulting in a total of nine measurements. Exclude the highest and lowest values from the 9

Fig. 2. Example of crack spacing measurement. The depicted crack spacing is not associated with the data of this study, and blue dots represent the
cracks intersected by the dashed lines. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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measurements, and calculate the average of the remaining values to determine the final average crack spacing.

3.3. Tensile test

The uniaxial tension test was carried out using the CMT2303 Electromechanical Test Systems from MTS SYSTEMS Co., Ltd. The
applied strain was controlled by the original extensometer from this manufacturer (with a maximum range of 20 mm). In this work,
tests with different applied strains were conducted, which resulted in different average crack spacings, to check the consistency of the
results obtained by this method. The choice of applied strain should balance the need for sufficient crack spacing in the TiN coating and
the risk of saturation that leads to coating delamination and spalling, which would compromise the study of coating fracture. Based on
previous research [33], the applied strain values were set at 2 %, 4 %, and 6 %. The tensile rate was 0.1 mm/min, and the samples are
shown in Table 1.

4. Results
4.1. The coating morphology, thickness and mechanical property

The cross-sectional morphology of the TiN coatings, as well as their dense columnar crystal structure without apparent defects, are
displayed in Fig. 3(a). A Ti transition layer with a thickness close to 100 nm and a TiN coating with a thickness close to 2um are marked
in Fig. 3(a). The surface morphology is shown in Fig. 3(b). Fig. 3 illustrates the typical morphology of TiN coatings prepared via
magnetron sputtering. Furthermore, the elemental composition of the coating is shown in Table 2, confirming that the prepared TiN is
stoichiometric.

The load-depth curves, shown in Fig. 4, were used to calculate the average hardness and Young’s modulus of the TiN coatings using
Oliver and Pharr’s method [59]. Three indentations were performed at different locations for each sample, with a maximum load of 10
mN, 10 s loading time, and 2 s peak load holding time. The maximum indentation depth for all indents was controlled to be 1/10 of the
coating thickness to avoid the influence of the substrate. The Young’s modulus of TiN was found to be 320.3 & 4.1GPa, while the
hardness was 26.4 + 1.1 GPa.

4.2. Applied strain and crack spacing

Fig. 5 presents the stress—strain data for coated specimens with a thickness of 0.8 mm. For the uncoated substrate, a yield stress of
750-830 MPa is observed, typical for this type of steel. The extensometer functioned properly, with all samples showing a maximum
strain value differing by less than 1 % from the target value, indicating that the applied strain met the intended design target. In this
study, to ensure effective strain transfer from the substrate to the coating, a 100 nm thick Ti interlayer was deposited to enhance the
adhesion between the film and the substrate, thus fulfilling the hypothesis of ideal stress transfer. Poor adhesion can impede stress
transfer within the coating, inhibiting the formation of crack spacing and potentially leading to premature delamination rather than
cracking. Consequently, the interlayer is regarded as an ideal bonding interface in this work, with our model not accounting for the
specific role of the interlayer. For more detailed insights into the role of the interlayer in stress transfer, please refer to the following
studies [57,60]. Additionally, for readers interested in the mechanism by which substrate strain affects coating strain, it is recom-
mended to consult the following studies [27,54]. In essence, substrate deformation transfers stress to the coating through shear stress
at the interface, with a stress transfer length that limits the stress transfer in the coating and thereby controls the variation in crack
spacing. This section will not elaborate further.

The distribution and statistics of crack spacing on the surface of each coating are shown in Fig. 6. A local view of the TiN-coated
surface is displayed in Fig. 6(a). No peeling or crumbling of the coating was observed after loading, indicating good adhesion prop-
erties. The cracks on the coating surface were vertical and perpendicular, suggesting the brittleness and uniformity of the coating. The
average crack spacing results for the TiN-coated samples were given in Fig. 6(b), and a gradual decrease in crack spacing was observed
with increasing strain, which followed the general trend [32,33,61]. It should be noted that we believe residual stresses do not affect
the size and variation of these crack spacings. Ahmed’s in-situ tensile tests [57] have confirmed that the residual stresses in the coating
are significantly relieved by the plastic deformation of the substrate. They measured the internal stress of diamond coatings after 1 %
applied strain (at which the coating first cracked) using Raman spectroscopy. The results showed that the internal stress after
unloading was only —1 GPa, much lower than the initial residual stress of —5.4 GPa when the coating was not loaded. For specific
details, one can refer to their work [57]. Since the residual stress in the coating is relieved by the plastic deformation of the substrate,
the cracking of the coating occurs without residual stress, thus the size and variation of the crack spacing are not influenced by residual

Table 1
Material systems and maximum applied tensile strain for each sample.
Sample Coating material Substrate material Maximum tensile strain
number
TiN-0.06 TiN HSS 6 %
TiN-0.04 TiN HSS 4%
TiN-0.02 TiN HSS 2%
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Fig. 3. Surface and cross-sectional morphology of TiN coating with annotated thickness of coating and transition layer. (a) cross-sectional view, (b)

surface view.

Table 2
Elemental composition of the investigated
coating obtained by EDS.
Element At%
N 45.47
Ti 42.99
O 9.56
Si 1.41
Al 0.43
Ni 0.1
Ar 0.04
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Fig. 4. TiN coating nanoindentation load-displacement curves.

stress. Additionally, the research by Rehman et al. [60] also indicates that coatings under uniaxial tension need to release residual
stress before cracking or delamination occurs. Therefore, although this study did not measure the residual stress, the results of these

crack spacings are credible.

4.3. Kc results

Since the samples in this work were prepared under the same process and batch, they share the same toughness and residual stress.
Thus, we could propose a strategy that not only provides the toughness of the samples without knowing residual stress but also es-
timates their residual stress. We initially assign the same residual stress value to TiN-0.02, TiN-0.04, and TiN-0.06, calculate their
toughness using the SSDS model (Eq.(9)), and then calculate the standard deviation of these toughness values. Subsequently, we
replace the residual stress with other values and recalculate the toughness and standard deviation. This process is repeated until the
smallest standard deviation is obtained. The toughness corresponding to this standard deviation is the final result. Table 3 presents the

data used in our calculation of TiN toughness, and the Poisson’s ratio of the TiN is 0.21[5].
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Fig. 6. Optical image and statistics of average crack spacing of the coatings: (a) TiN surface cracks morphology with ¢, = 2%. (b) crack spacing of
TiN coating with different strains on HSS substrates.

Table 3

Parameters for calculating the Toughness of TiN Samples, and the Poisson’s ratio of the coating is 0.21[5].
No. Substrate h, Ivm s, Ivim vr Vs Ef, GPa E,, GPa o5, MPa €q I, Iv4m
TiN-0.02 HSS 2 1000 0.21 0.3 320 206 815 0.02 14.7
TiN-0.04 0.04 10.4
TiN-0.06 0.06 9.4

Table 4

The results of toughness and standard deviation of TiN samples under residual stress from —3.5 to + 1 GPa. Except for the SD column, the other results
retain only one decimal place. The subsequent tables from Tables. 5, 7 and 8 also adopt these descriptions and treatments.

RS TiN-0.02 TiN-0.04 TiN-0.06 ave SD
+1 2.9 2.5 2.6 2.7 0.22
+0.5 2.8 2.4 2.6 2.6 0.18
0 2.6 2.3 25 2.5 0.13
-0.5 2.4 2.3 2.5 2.4 0.10
-1 2.3 2.2 2.4 2.3 0.11
-15 2.1 2.1 2.4 2.2 0.17
-2 1.8 2.1 2.3 2.1 0.24
-25 16 2.0 2.3 2.0 0.34
-3 1.3 1.9 2.2 1.8 0.47
-35 0.9 1.8 2.2 16 0.65

10



S. Wu et al. Engineering Fracture Mechanics 309 (2024) 110393

We initially selected a range of residual stress from —3.5 to 1 GPa with an increment of 0.5 GPa. The reason for not choosing a larger
compressive stress is that the toughness results would become imaginary, rendering them invalid. The results are presented in Table 4,
where the “-” symbol denotes compressive stress and the “+” symbol denotes tensile stress. It was found that the toughness with a
standard deviation minimum occurred at a residual stress of —0.5 GPa. We then refined the range of residual stress with an increment
of 0.1 GPa and further calculated the standard deviation of toughness, as shown in Table 5. Ultimately, we determined the average
fracture toughness at a residual stress of —0.6 GPa, 2.4 MPa-m'/? , as the final fracture toughness. This result is very close to the
reference value of 2.3 + 0.3 MPa - m'/2 [13,15,36-43], which was obtained by the micro-cantilever method, and the samples were
magnetron-sputtered coatings with film thicknesses ranging from 1 to 4 ym, ensuring comparability. For the TiN-coated samples with
different applied strains and crack spacings, their results also showed high consistency, with less than a 5 % difference between the
three samples. Therefore, this result demonstrated the feasibility of this method for the quantitative evaluation of fracture toughness.

However, this study did not measure the residual stress of the coating, and thus cannot solely validate the current results now.
Therefore, we will employ the SSDS model and this strategy, utilizing data from other literature that has measured residual stress, to
calculate their toughness and verify the accuracy of the assumed residual stress and toughness. The data is acquired from literature
involving multiple cracking research or fragment analysis in a hard coating. These researches focused on the fracture behavior within a
specific material system without additional improvements to the prepared coatings. We believe that the properties of these coatings
should fall within a general range and can serve as validation subjects for this model. Due to the scarcity of relevant literature or
available data, only the results for diamond [60] and a-C:H [62] coatings were obtained. Their data come from in-situ tensile tests on
individual samples, so the residual stress effects and toughness at different strains should also be consistent (the influence of residual
stress on strain will be discussed later). In the literature, all data except for the crack spacing and the applied strain at the first cracking
were used, without any manual selection. The data for the first cracking can only be used to compare the energy between intact and
cracked coatings, which does not align with the concept of this model, which is to compare the energy between cracked coatings. The
relevant literature data used for calculations have been presented in Table 6. The results of this strategy’s calculations are shown in
Tables 7 and 8, where the assumed residual stress is denoted by RS, ave represents the average toughness, and SD represents the
standard deviation of toughness. These notations will also be used for expressions appearing later in this paper.

To simplify the content, only the results with a search step of 0.1 GPa are shown, and all results have been searched over the range
of —10 to 2 GPa. The results for diamond are shown in Table 7. When the residual stress is —5.5 GPa, the standard deviation of the
diamond coating’s toughness is the smallest, with an average fracture toughness of 7.6 MPa - m'/2, close to the reported toughness of
diamond: 8.4 MPa - m'/2 [63,64], which was obtained through three-point and four-point bending. Moreover, the actual residual stress
of this diamond coating is —5.4 GPa, very close to the —5.5 GPa derived by this model. The results for the a-C:H coating are shown in
Table 8. When the residual stress is —1.8 GPa, the standard deviation of the a-C:H is the smallest, with an average fracture toughness of
1.8 MPa - m'/2. It is close to the fracture toughness of 1.8 MPa e m!/2 for a-C:H thin film obtained by Schaufler et al. [65] using micro-
cantilever bending. The residual stress of this a-C:H coating is —1 GPa, also very close to the —1.8 GPa derived by this model. Through
the aforementioned results, we can observe that the assumed residual stress deviates from the actual residual stress by a minimum of
0.1 GPa and a maximum of 0.8 GPa. The calculated toughness shows a maximum deviation from the reference value of 0.6 MPa e m'/2,
with the minimum deviation being close to 0. In summary, the SDSS model, combined with this strategy, has demonstrated surprising
accuracy. Therefore, we believe that the fracture toughness and residual stress obtained through this strategy are valid.

5. Discussion
5.1. The impact of sample data selection on results

In Section 4.3, we demonstrate the accuracy and consistency achieved in calculating the toughness and residual stress of multiple
samples using the SDSS model under conditions of unknown residual stress. However, the results obtained from literature data are
supported by at least 8 different data samples with varying strain and crack spacing, whereas the TiN samples only have 3 different
strains and crack spacings. Therefore, we will continue to discuss the impact of using only 3 different data samples on the results, based
on data from diamond coating and a-C:H coating.

Table 5

The results of toughness and standard deviation of TiN samples under residual stress from —1 to 0 GPa.
RS TiN-0.02 TiN-0.04 TiN-0.06 ave SD
0 2.6 2.3 2.5 2.5 0.1312
-0.1 2.6 2.3 2.5 2.5 0.1235
-0.2 2.5 2.3 2.5 2.4 0.1166
-0.3 2.5 2.3 2.5 2.4 0.1107
—0.4 2.5 2.3 2.5 2.4 0.1059
-0.5 2.4 2.3 2.5 2.4 0.1026
—0.6 2.4 2.3 2.5 2.4 0.1010
-0.7 2.4 2.2 2.5 2.4 0.1012
-0.8 2.3 2.2 2.4 2.3 0.1034
-0.9 2.3 2.2 2.4 2.3 0.1076
-1 2.3 2.2 2.4 2.3 0.1136
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Table 6
The parameters obtained from the literature[60,62].
No. Coating Substrate h, 1%m s, I%m vr Vs Ef, GPa E,, GPa o5, MPa Ores, GPa €4 I, 1vim Reference
D1 diamond Ti 1.5 100 0.07 0.34 1200 104 340 —5.4 0.0055 309.2 [60]
D2 0.0059 188
D3 0.0065 85.1
D4 0.0072 54.4
D5 0.008 35.2
D6 0.0085 30.7
D7 0.0095 25.4
D8 0.012 20.3
al a-C:H steel 1.9 100 0.2 0.3 150 210 240 -1 0.021 24.2 [62]
a2 0.028 15.4
a3 0.035 13.3
a4 0.042 12.8
a5 0.05 10.5
a6 0.055 9.7
a7 0.063 8.5
a8 0.07 7.7
a9 0.077 6.3
alo 0.084 5.5
Table 7

The results of diamond coating under residual stress from —5.7 to —5 GPa. The data used are from the literature[60], and the actual residual stress is
—5.4 GPa. D1 to D8 correspond to the same numbers in Table 6.

RS D1 D2 D3 D4 D5 D6 D7 D8 ave SD

-5 8.2 15.8 14.3 10.9 8.2 8.2 8.4 9.1 10.4 3.03
-5.1 7.8 15.1 13.4 10.1 7.7 7.9 8.2 9.0 9.9 2.82
5.2 7.3 14.4 12.4 9.3 7.3 7.6 8.0 8.9 9.4 2.60
-5.3 6.8 13.6 11.2 8.4 6.8 7.3 7.8 8.8 8.9 2.40
—-5.4 6.3 12.8 10.0 7.4 6.3 6.9 7.6 8.8 8.3 2.22
—5.5 5.7 12.0 8.6 6.3 5.7 6.6 7.4 8.7 7.6 2.10
-5.6 5.1 11.0 6.9 4.9 5.1 6.2 7.2 8.6 6.9 2.11
—-5.7 4.3 10.0 4.6 2.8 4.4 5.8 7.0 8.5 5.9 2.41

Table 8

The results of a-C:H coating under residual stress from —2 to —1 GPa. The data used are from the literature[62], and the actual residual stress is —1
GPa. al to al0 correspond to the same numbers in Table 6.

RS al a2 a3 a4 a5 £ a7 a8 a9 alo ave SD

-1 2.3 2.2 2.3 2.5 2.2 21 2.0 1.9 1.5 1.3 2.0 0.362
-1.1 2.2 2.1 2.2 2.4 2.2 2.1 2.0 1.9 1.5 1.3 2.0 0.347
-1.2 2.2 2.1 2.2 2.4 2.2 21 2.0 1.8 1.5 1.3 2.0 0.333
-1.3 21 2.0 2.1 2.4 21 21 1.9 1.8 1.5 1.3 1.9 0.320
-1.4 2.0 2.0 21 2.3 21 2.1 1.9 1.8 1.5 1.3 1.9 0.308
-1.5 1.9 1.9 21 2.3 21 2.0 1.9 1.8 1.5 1.3 1.9 0.298
-1.6 1.8 1.9 2.0 2.3 21 2.0 1.9 1.8 1.5 1.3 1.8 0.290
-1.7 1.7 1.8 2.0 2.2 21 2.0 1.9 1.8 1.5 1.3 1.8 0.286
—-1.8 1.5 1.8 1.9 2.2 2.0 2.0 1.9 1.8 1.4 1.3 1.8 0.285
-1.9 1.4 1.7 1.9 2.1 2.0 2.0 1.8 1.7 1.4 1.3 1.7 0.290
-2 1.3 1.6 1.8 2.1 2.0 1.9 1.8 1.7 1.4 1.2 1.7 0.301

Table 9

The specific compositions of Groups A, B, C, D, and E. The serial numbers in this table
correspond to those in Table 6.

Groups Diamond a-C:H

A D1, D2, D3 al, a2, a3
B D3, D4, D5 a4, a5, a6
C D6, D7, D8 a8, a9, al0
D D2, D4, D7 a2, a5, a9
E D5, D7, D8 a2, a5, a6
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We selected five sets of sample data, designated as the Large Crack Spacing Group (Group A), Medium Crack Spacing Group (Group
B), Small Crack Spacing Group (Group C), Comprehensive Group (Group D), and Additional Group (Group E). The primary distinction
among them lies in the variation of crack spacing. Group A consists of the top 3 samples with the largest crack spacings, Group C of the
top 3 with the smallest, and Group B includes 3 samples with spacings intermediate between those of Groups A and C. The
Comprehensive Group is composed of one intermediate sample from each of the A, B and C groups. The Additional Group is formed by
selecting samples from the literature data that closely resemble the crack spacing ratios (14.7:10.4:9.4) observed in the TiN samples,
primarily to verify whether the results of TiN exhibit significant deviations. Each group contains 3 samples, with specific details
available in Table 9. After the selection of the sample data, we calculated the corresponding residual stress, average fracture toughness,
and standard deviation according to the strategy proposed in Section 4.3, and observed the discrepancies between these values and the
actual reference values for residual stress and fracture toughness. The results are depicted in Fig. 7(a) and (b), where FT stands for
fracture toughness.

Fig. 7(a) and (b) allow us to draw three conclusions. First, without knowledge of the residual stress, Groups A, B, and C are not
suitable for selecting sample data in actual testing. Second, with unknown residual stress, Group D is recommended for data selection
in actual testing. Third, the likelihood of significant deviation in the TiN results obtained in this study is low. Explanations will now
follow.

Among the two coatings, the approximate residual stress and fracture toughness derived from Group A is close to the target values.
However, large crack spacing implies that testers must ensure the applied load is near the point of initial fracture of the coating. This
requires sufficient experience from the testers, as the initial fracture is highly influenced by the coating’s initial state (initial residual
stress, initial defects, etc.). If we lack experience or wish to test new materials, in-situ observation methods are essential. In either case,
the cost of testing is significantly increased, thus making the selection method of Group A not recommended.

Groups B and C show significant deviations in estimating fracture toughness and residual stress. Group B exhibits a notable de-
viation in the toughness estimation of diamond, approximately 4.5 MPa e m'/2, with a deviation percentage of about 54 %. Group C’s
estimation of residual stress and toughness for a-C:H reaches deviations of around 6 GPa and 1 MPa e m'/2, respectively, with devi-
ation percentages of approximately 600 % and 56 %. Therefore, the selection methods of Groups B and C are also inadvisable.

Group D performs better, with estimates of residual stress and toughness being close to the target values. Although Group D shows a
1 GPa deviation in the estimation of residual stress for the a-C:H coating, it does not cause a significant deviation in toughness.
Moreover, the data obtained in Group D are more in line with actual testing conditions, i.e., a wide range of applied strains, whereas
Groups A, B, and C have a very narrow range of applied strains.

Finally, Group E shows results very close to the target values. Therefore, from the perspective of crack spacing variation, it indicates
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Fig. 7. Calculated residual stress and toughness from sample data with varying crack spacing. DR indicates derived residual stress (all compressive,

hence no “-” sign on the y-axis), and FT denotes calculated fracture toughness. (a) and (b) are without known residual stress; (c) and (d) with known
actual residual stress.
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that the likelihood of significant deviation in the TiN results obtained in this study is low.

Although we have discussed the optimal crack spacing for obtaining accurate results, we found significant deviations in Groups B
and C. Therefore, we will discuss the possible causes of these deviations. The main deviation in Group C stems from the estimation of
residual stress, which in turn leads to an incorrect estimation of toughness. Hence, it is necessary to discuss the impact of residual stress
on the SDSS model. The influence of residual stress on the SDSS model is primarily through the applied strain. Generally, tensile
residual stress promotes the strain at which the coating fractures, while compressive residual stress inhibits it. The inhibition manifests
as a higher absolute applied strain required for all cracking, leading to an overestimation of toughness calculated by the SDSS model.
This deviation in applied strain caused by residual stress is denoted as &, or residual strain in Eq. (4). To express the applied strain free
from the influence of residual strain, it can be represented as (¢4 —&res). However, this deviation is limited because the residual stress
will permanently decrease with the increase of substrate plastic deformation. Ahmed’s in-situ tensile tests [57] have confirmed that the
residual stress in the coating is significantly released by substrate plastic deformation. Therefore, as long as the applied strain is large
enough, the applied strain unaffected by residual stress (¢, —&rs) can equal the strain affected by residual stress g4, significantly
reducing this deviation. This can be confirmed by comparing the toughness variations in the small applied strain column (TiN-0.02)
and the large applied strain column (TiN-0.06) in Table 4. The variation range of toughness corresponding to large applied strains
under different residual stress conditions (2.2 to 2.6 MPa e m'/?) is significantly smaller than that of small strains (0.9 to 2.9
MPa e m'/2), and other tables show the same trend.

What is the relationship between this effect and the residual stress deviation caused by Group C? Since Group C has a larger applied
strain, the impact of residual stress is smaller, which is not conducive to the SDSS model sensing the influence of residual stress, making
it difficult to deduce the actual residual stress. In contrast, Groups A, D, and E have data with smaller applied strains. These data are
more significantly affected by residual stress, which can help the SDSS model sense the effect of residual stress, thereby deducing
results closer to the actual residual stress. Therefore, to assess residual stress using the strategy proposed in Section 4.3, one should
avoid the sampling method of Group C and include sample data with small applied strains as much as possible. The cause of the error in
Group B is not yet clear to us, and further in-depth research is needed to reveal it. However, we can avoid the sampling method of
Group B and, in addition to following the method of Group D, we can also increase the number of samples, i.e., increase the sample data
to reduce the impact of Group B, similar to Tables 7 and 8, where results obtained from more than 8 samples are also ideal.

Additionally, the aforementioned results are based on the premise of unknown residual stress. The toughness obtained under the
condition of known residual stress is plotted in Fig. 7(c) and (d). It can be observed that for both diamond coating and a-C:H coating,
Groups A, B, C, D, and E all exhibit relatively consistent results, which are also close to the reference toughness values. Therefore,
although it is possible to proceed without measuring the residual stress, more robust results can be obtained when the residual stress is
accounted for.

5.2. Limitations of this method

5.2.1. Estimation of crack spacing

When considering the change in crack spacing due to coating cracking under the same strain, we proposed, based on the shear lag
model [54] and experimental results from Ahmed [57], that the old crack spacing is twice the new one, denoted as (I; = 2I).
However, this relationship is only applicable when the applied strain is relatively small. As the applied strain increases and the crack
density approaches saturation, the change in crack spacing will diminish, making it difficult to maintain the 2x relationship. Addi-
tionally, due to the non-uniform in coating properties, loading, and deformation, some parts of the coating do not produce new cracks.
These areas may require more applied strain to crack, delaying the reduction in crack spacing. If these spacings are included in the
statistics, it will lead to an overestimation of the measurements. Consequently, under larger strains, both I; and I, are biased high,
which in turn leads to overestimated results. However, this effect is limited. The smaller the measured crack spacing (i.e.,l»), the
smaller [; will be, reducing the deviation. Therefore, in this study, the results obtained with larger applied strains did not show a
deviation larger than the reference values.

To mitigate this effect, a feasible approach is to identify the area with the densest crack distribution when measuring crack spacing,
which is typically located at the center of the coating. However, this location can also vary due to the actual uneven performance of the
brittle coating or asymmetric sample clamping. Therefore, we need to search for areas with dense crack distribution in and around the
center. In this study, although the crack spacing measured came from dense areas, the deviation still exists and requires further
research to address the issue. Moreover, we cannot easily change the 2x relationship, as it simplifies the determination of the coating
energy. Changing it to another relationship would make the variation in coating energy difficult to ascertain, complicating the
modelling.

5.2.2. Estimation of fracture strain

In this method, the strain used in calculating the toughness of TiN samples is the overall strain. In reality, the fracture strain should
be used, which corresponds to the applied strain at the time of crack spacing generation. The reason for this discrepancy is the absence
of in-situ observation capabilities. This results in an overestimation of the fracture strain and, consequently, an overestimation of
toughness. To account for this effect, we plotted a heatmap of the toughness variation calculated by the SDSS model within a certain
range of applied strain and crack spacing, with the residual stress set at —0.6 GPa and other necessary parameters for the calculation
derived from the TiN samples, which are the parts in Table 3 excluding crack spacing and applied strain. The range of crack spacing is
set from 4 to 20 pm, and the range of applied strain is set between 0.01 and 0.1. In Fig. 8, brightness represents toughness; significant
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Fig. 8. The effect of applied strain on the results of the SDSS model. The variation in brightness within the figure signifies the change in fracture
toughness as determined by the SDSS model.

changes in brightness indicate large variations in toughness, while similar brightness suggests minimal variation. From Fig. 8, we can
observe that as the crack spacing decreases, the impact of applied strain on the results diminishes, as indicated by the diminishing
changes in brightness, suggesting that the variation in toughness also becomes smaller. Therefore, we believe that this effect is not
particularly significant, at least for the crack spacing in the TiN samples in this study.

5.3. Restrictions

The applied strain needs to be restricted. First, as applied strain increases, the crack spacing of the coating decreases until it sat-
urates [66]. Then, the further strain does not affect crack spacing but causes coating peeling and detachment. Hence, excessive strain
loses its correlation with crack spacing and fails to show the fracture ability of the coating.

A strong adhesion is necessary. To ensure accurate stress calculation, it’s crucial to prepare a coating with strong adhesion. The
interface adhesion transfers substrate deformation to coating, but the lower adhesion property worsens the transfer effect and increases
coating crack spacing, thus affecting the results. Therefore, the interface adhesion should remain strong throughout the test, and
secondary cracking and buckling-induced delamination are not permissible. In this work, magnetron sputtering was used to prepare
the coating due to its excellent adhesion performance. Thus, although adhesion is important, this model lacks consideration of the
specific role of the transition layer, which should become an important issue in future research.

The thickness of the coating needs to be restricted. Coating thickness also influences this model significantly, as it affects crack
spacing. The shear-lag model theory suggests a proportional relationship between coating thickness and crack spacing due to stress
transfer length [67,68], and coating thickness also determines when saturated crack spacing appears under large strain [27]. Most
studies on coating fracture through crack spacing have limited the coating thickness to within 5 pm. Therefore, to ensure the effec-
tiveness of this method, it can only be applied to coatings with a thickness of less than 5 pm.

The substrate material must possess adequate strength and good toughness. A substrate with a higher yield strength can ensure that
the coating cracks promptly, with this strength being at least comparable to that of stainless steel. According to Rehman’s work [60],
the higher the yield strength of the substrate, the greater its capacity to transfer stress to the coating, allowing the coating to crack at an
earlier strain. Conversely, a softer substrate will delay the transfer of stress to the coating, inhibiting the cracking and variation in crack
spacing of the coating. Moreover, the primary part of the model used to calculate the coating stress is based on the assumption of an
elastic substrate [69] (Ahmed’s main work involved improving this model to make it applicable to elastoplastic substrates and plastic
deformation [57]), thus a substrate with a high yield strength is more conducive to obtaining accurate results. In addition, the substrate
should be a ductile material to ensure sufficient deformation that causes the hard coating to crack and form multiple cracks, and to
prevent crack propagation into the substrate.

There are some other limitations. The coating needs to be a dense hard coating (porous coatings like thermal barrier coatings are
not suitable) to meet the requirements of linear elastic fracture mechanics. The properties of the coating must also remain stable. This
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primarily refers to materials with metastable structures that may undergo structural changes during the tensile process, leading to
alterations in properties and, consequently, significant deviations in the measurement results.

6. Testing procedure of this method

Based on the discussion of the SDSS model and strategy, we have formulated a suitable procedure for measuring toughness. The
measurement steps are as follows: (1) Prepare 3 or more samples, with the quantity being preferable in greater numbers. (2) Obtain the
prerequisite parameters required for calculations. The necessary parameters for toughness calculation include the thickness, Poisson’s
ratio, Young’s modulus, and yield strength (only for the substrate) of both the substrate and the coating. Residual stress can be
measured or not, but it is advisable to measure it. (3) Apply different strains to each sample. The criteria for strain selection can refer to
the one used in Section 5.1 for Group D, which is to have a range of crack spacings. To achieve this, increase the span of applied strain
while ensuring that the minimum strain can still cause the coating to crack. If there are more samples, the span of applied strain can be
appropriately reduced. (4) After unloading the samples, statistically determine the average crack spacing near the center of the coating
surface. Pay attention to finding areas with dense cracks in the center and nearby areas of the coating for statistical purposes. (5)
Calculate the fracture toughness. If the residual stress is unknown, try different residual stresses to minimize the deviation in toughness
values between samples. Details can be referred to Section 4.3.

7. Conclusions

In conclusion, a novel model was established to determine coating toughness from changes in crack spacing under uniaxial tension.
A simple, cost-effective uniaxial tensile test method was proposed, suitable for dense, hard coatings with good film-substrate bonding
and thickness within 5 I/im. The method provides consistent results with micro-cantilever beam methods used in literature for tested
coatings using TiN coatings, and its versatility was demonstrated with diamond and a-C:H coatings. The method proved stable under
varying applied strain, overcoming the limitations of traditional methods. It is capable of assessing the residual stress and fracture
toughness of coatings without knowledge of the residual stress, with minimal deviation. However, the model and method still have
many imperfections and require further in-depth research for improvement.
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