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Abstract: In this paper a new approach for determining the Adhesive Strength of thin film coating using fuzzy logic reasoning is proposed. This
approach mainly focuses on nano and micro thin films using established International Standards for evaluating adhesion strength. The
influence of various coating parameters on adhesion strength is considered. Modeling and Simulation is done in Matlab and the results are also
shown in the end.

Keywords: Adhesive, Matlab-Simulink, ANFIS, Fuzzy inference system

1. INTRODUCTION
The emergence of the new field of nanotribology, which pertains to the experimental and theoretical investigations of interfacial
processes occurring during adhesion, friction, wear and thin film lubrication of sliding surfaces on the scales ranging from the
atomic and molecular scale to the microscale, and its associated techniques have provided a viable means of addressing the
tribological issues on the nanoscale [1-3]. In recent industry, nano and micro-thin layers are a popular choice in many of its
branches, for its practical adhesion as one of the most important mechanical properties, which is a key parameter for every coating
[4,5]. The main purpose of the thin film coating application is to improve the surface properties of the materials while maintaining
its bulk properties.
The two main challenging issues that needed to be encountered in the coating process are cost and optimisation [6]. The practical
adhesion strength, i.e. the work done to separate the thin film from the substrate, is very sensitive to the measurement and
evaluation conditions, such as the strain rate, roughness, thickness, etc[7].Scratch test was chosen from among a wide choice of
adhesion strength measurement methods. The surfaces of samples in scratch tests undergo pulling a (mostly diamond) stylus
against them under a normal force [8,9]. The recommended shape of stylus is spherical Rockwell C, 200 um radius or alternatively a
smaller one [10]. Progressive loading scratch test mode (PLST), constant load scratch test mode and multi-pass scratch test mode
were modes of measurement used in the scratch tests [11]. Recently non-destructive evaluation (NDE) have become
Ubiquitous in manufacturing systems because the technology is an inexpensive and reliable method to measure product
requirements [12].
Currently there are already in use internationally recognized industrial standards [13] for evaluating adhesion of macro and micro-
layers. The scratch test procedures are described in the national/international standards, which are usually enforced also in the
European, American, Japanese or other national standards [14,15]. The standards are designed for a wide range of different coating
materials. The most important standards for quantitative single point scratch testing are shown in Table 1.0

Table 1. Standards for quantitative single point scratch testing

S.NO STANDARD PURPOSE
1 150 1071-3 Test method for adhesion and other mechanical failure modes of thin advanced technical ceramics.
2 150 20502 Test method for adhesion of fine ceramics (advanced ceramics, advanced technical ceramics)
3 150 N269 Test method for adhesion of fine ceramics coatings
4 150 1518 Test method for adhesion of paints and varnishes
5 ASTM (1624 Test method for adhesion strength and mechanical failure modes of ceramic coatings
6 | ASTM D7027-05 Test method for evaluation of scratch resistance of polymeric coatings and plastics.
7 ASTM D7187 Test method for measuring mechanistic aspects of scratch/mar behaviour of paint coatings by nano scratching
8 JISR 3255 Test method for adhesion of thin films on glass substrate
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Table 2 presents the most important conditions for the evaluation according to these standards. The standards are designed mainly
for macro-scratch testers, as these are commonly used to measure the nano- and micro-layers.
Table 2. Measuring conditions in accordance with appropriate international standards designed for nano and micro-films testing

ISO 1071-3 C 1624-05 D7187
Film material cerﬁcﬂ:;::mg ceramic coating paint coating

Film thickness to 20 pum from 0.10 pm to 30 pm to 500 nm
Preload 1N 1N for Ly = 10 N; 0.1to1mN

5N for L. =20N;
Progressive loading scratch test mode — 100 N/min 10 N/min for Lo, < 20 N; 5 to 200 mN/min
loading rate 100 N/min for Ly, = 20 N:

minimum 5 N/min
Progressive loading scratch test mode — 10+0.1 mm/min 10=0.1 mm/min 0.5 to 10 mm/min
displacement speed
Constant load scratch test mode — 20% of Lo 20%, 40%, 60%, 100%: of Lpay —
loading rate
Constant load scratch test mode — 10 mm/min 10=0.1 mm/'min —
displacement speed

Multi-pass scratch test mode — loading rate 50% of L, - -
Multi-pass scratch test mode — — _
displacement speed

Stylus geometry Rockwell C Rockwell C spherical. 1 to 100 pm
Surface roughness Ra < 0.5 um Rg=1pm —

Film hardness — HV=5GPa —

Min number of test operations 5x% Sx 3=

Optical microscope 100 to 500 100 to 500 —
Temperature 22+2 °C 20=5 °C 23x£2 °C
Relative humidity 50+£10% 50=10% 50=5%

2. FUZZY REASONING APPROACH FOR THE EVALUATION OF ADHESION STRENGTH OF THE NANO AND MICRO FILMS
Fuzzy logic reasoning approach can be used as an effective tool for determining the Adhesion Strength of the nano and micro films.
The existing International standards and knowledge of adhesion can be used as models/patterns for setting the fuzzy expert

system, which could be used to identify the quality of practical p——

adhesion strength. Also, artificial intelligence methods Force

implemented in Matlab toolboxes [16] can be used in the process. Loading

The use of fuzzy logic, as a kind of “soft” computing techniques, Rate

enables us to overcome the problems encountered using “hard” [ orspiacement

computing techniques [17]. The basis for fuzzy logic is the basis Rere Quality of
for human communication [18]. The purpose of fuzzy control ist0 [ coetfrcront o Adhesion
influence the behaviour of a system by changing an input or Friction

output to that system according to a rule or set of rules that p—

model how the system operates [19] Radius

2.1. Designing of fuzzy reasoning model —

The fuzzy expert system uses a fuzzy if-then rule base consisting Wear

of a set of intuitive fuzzy rules, interpreting an input and Figure 1. Structure of Fuzzy Inference System (FIS)

producing a crisp output. In this study output (quality of adhesion) is significantly influenced by the input variables, which are:
critical force, coating thickness, loading rate, displacement rate, substrate roughness, coefficient of friction, tip radius, tip wear and
tip damage. Figure 1.0 shows the structure of Fuzzy Inference System (FIS) created in Matlab using Fuzzy Logic Toolbox [20]

If we look at the figure 1 then we can see that inputs are combined to build Adhesion analysis. Structure of Fuzzy Inference System
(FIS) in Fuzzy logic toolbox is shown in Figure 2.

WIGLFRE e
LOATING_RATE 5 /
DIPLAGEUENT_RATE :
-------------------
wwo g o

wews e ADHESION

TE WFAR

Figure 2. Structure of Fuzzy Inference System (FIS) in Fuzzy logic toolbox
2.2. Defining Universe of Discourse (UOD), Fuzzification of constraints and Membership function's (MF's)
In this research we have fuzzified each of the constraints i.e. Input/Output with four linguistic variables using triangular MF's. The
MF's for each of the constraint along with UOD are shown in figure 2 to figure 9.
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Figure 3. Fuzzified Input parameter 'Critical Force'
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Figure 5. Fuzzified Input parameter 'Displacement Rate'
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Figure 4. Fuzzified Input parameter 'Loading Rate'
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Figure 6. Fuzzified Input parameter 'Coefficient of Friction'
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Figure 7. Fuzzified Input parameter 'Tip Radius'
2.3 Defining Fuzzy control rules
In this study we have used fuzzy ordinal approach [21] to
develop fuzzy if then rules[22] which has significantly reduced
the number of rules. The rules are given different degree of
support (DOS) or weights which explains the relative importance
of each rule[23]. The fuzzy rules are defined and based on
experience of experts. The fuzzy control rules along with DOS for
the controller are given below:
1) If 'Critical Force' is 'Low' then 'Adhesion' is 'Poor’ (1)
2) If 'Critical Force' is 'Medium' then 'Adhesion' is 'Moderate' (1)
3) If 'Critical Force' is 'High' then "Adhesion' is 'Good' (1)
4) If 'Critical Force'is 'Very High' then 'Adhesion' is 'Excellent'(1)
5)if 'Loading Rate"is 'Low' then 'Adhesion' is 'Excellent'(0.2)
6) if 'Loading Rate' is 'Medium' then 'Adhesion' is 'Good'(0.2)
7) if 'Loading Rate' is 'High' then 'Adhesion' is 'Moderate'(0.2)
8) if 'Loading Rate"is 'Very High' then 'Adhesion' is 'Poor'(0.2)
9) if 'Displacement Rate' is 'Small' then 'Adhesion' is 'Poor' (0.2)
10) if 'Displacement Rate' is 'Medium' then 'Adhesion’ is
'Moderate'(0.2)
11) if 'Displacement Rate"is 'Fast' then '"Adhesion' is 'Good' (0.2)
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Figure 8. Fuzzified Input parameter 'Tip Wear'
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Figure 10. A Surface Viewer for FIS

12) if 'Displacement Rate'is 'Very Fast' then 'Adhesion' is 'Excellent' (0.2)

(
(12)

(13) if 'Tip Radius'is 'Small' then 'Adhesion' is 'Excellent'(0.3)
(14) if 'Tip Radius' is 'Medium' then 'Adhesion’ is 'Good'(0.3)
(15) if 'Tip Radius'is 'Large' then 'Adhesion' is 'Moderate'(0.3)
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(16) if 'Tip Radius'is 'Very Large' then 'Adhesion' is 'Poor'(0.3)
(17) if 'Tip Wear' is 'Low' then 'Adhesion’ is 'Excellent'(0.4)
(18) if 'Tip Wear' is 'Medium' then 'Adhesion’is 'Good'(0.4)
(19) if 'Tip Wear'is 'High' then 'Adhesion' is 'Moderate'(0.4)
(20) if 'Tip Wear' is 'Very High' then 'Adhesion' is 'Poor'(0.4)
As can be seen from above there are total 20 rules. As an example consider rule number 6. In this rule if ‘Loading Rate' is 'Medium'
then 'Adhesion’ is 'Good' with DOS equal to 0.2.
A Surface Viewer for FIS is shown in Figure 10 which demonstrates the relationship between the input variables Critical force,
loading rate and output variable Adhesion strength.
As can be seen from the figure 1.9 if we have numerical value of Critical force and Loading rate in the scale of 0-60 and 0-150
respectively, then we can get the value of Adhesive strength in the range of 0-5.
3. SIMULATION RESULTS
Results of simulations for different set of Inputs i.e. critical force (a), Loading rate (b), Displacement rate (c), Coefficient of friction
(d), Tip radius (e) and Tip wear (f) are shown below:
Set 1: a=20; b=50; c=10; d=0.2; e=100; =25 (Figure 11); Set 2: a=50; b=100; c=30; d=0.3; e=200; f=50 (Figure 12);

CRITICAL FORCE CRITICAL FORCE
b b
LOADING RATE LOADING RATE
DISFLACEMENT RATE W\ > 2762 DISPLACEMENT RATE W\ > 2321
| Fuzzy Logla ADHESION STRENGTH . Pz Logis ADHESION STRENGTH
COEFFICIENT OF FRICTION COEFFICIENT OF FRICTION
TIF RADIUS TIP RADIUS
f f
TIP WEAR TIF WEAR
Figure 11. Simulation results Figure 12. Simulation results

4. CONCLUSION

A new approach for evaluation of Adhesive Strength of nano and micro thin films using fuzzy logic reasoning has been proposed.

The fuzzy reasoning provides a logical approach to adhesive strength evaluation. The fuzzy ordinal approach proves to be an

effective technique thus reducing the number of fuzzy If-then rules. A Matlab Simulink model has been developed and the

proposed framework optimises the related constraints.

As an extension for future work Adaptive Neuro fuzzy inference system (ANFIS) approach can also be implemented which can learn

through the training data and hence shows better results? We can also consider other constraints which further determine the

Adhesive strength.
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