Available online at www.sciencedirect.com
L 4

“e.* ScienceDirect

Trans. Nonferrous Met. Soc. China 32(2022) 1834—1851

Transactions of
Nonferrous Metals
Society of China

s ¥

awiles Science
ELSEVIER Press

www.tnmsc.cn

A novel approach for evaluation of load bearing capacity of
duplex coatings on aluminum alloy using PLS and SVR models

Farideh DAVOODI!, Fakhreddin ASHRAFIZADEH!, Masoud ATAPOUR', Reyhaneh RIKHTEHGARAN?

1. Department of Materials Engineering, Isfahan University of Technology, Isfahan 84156-83111, Iran;
2. Department of Mathematical Sciences, Isfahan University of Technology, Isfahan 84156-83111, Iran

Received 29 June 2021; accepted 22 December 2021

Abstract: Duplex NiP/TiN coatings consisting of the electroless intermediate layers and the physical vapor deposition
(PVD) top layers were fabricated on the AA6061 aluminum alloy in order to enhance the load bearing capacity. The
main objective of this study was to model the load bearing based on the thickness, adhesion and elastic modulus of the
coatings. For this purpose, partial least square (PLS) and support vector regression (SVR) approaches were employed.
The results showed that both models had an acceptable performance; however, the PLS model outperformed SVR. The
correlation coefficients between thickness, adhesion and elastic modulus with load bearing were 0.841, 0.8092 and
0.7657, respectively; so, thickness had the greatest effect on the load bearing capacity. The composition and structure of
the samples were evaluated using XRD and SEM. The load capacity of the coated samples was also discussed based on
the wear and adhesion evaluations. Dry sliding wear tests, under a load of 2 N and a sliding distance of 100 m,
demonstrated the complete destruction of the coated specimens with low load capacity. The samples with high load
capacity showed not only a superior tribological performance, but also a remarkable adhesion according to the
Rockwell superficial hardness test.
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1 Introduction

Physical vapor deposition (PVD) coatings
have played an important role in improving the
wear and thermal resistance, as well as corrosion
protection properties [1—5]. However, the problem
is that PVD coatings are relatively thin, hard and
brittle and, if they are applied on soft metals with
low hardness and low elastic modulus, deformation
of the substrate could occur under high contact
stress, leading to bending, cracking or fracture of
the coating [6,7]. This means that the load carrying
capacity of such a system is too low for high-stress
applications.

The design of duplex systems, using coating
technologies to prevent cracking of the coating and

to hinder plastic deformation of the substrate, can
be regarded as a promising method [8]. For
example, the deposition of the electroless nickel
interlayer between the PVD top coating and the
substrate has been proposed in the literature. For
instance, WILSON et al [9] reported that the
electroless nickel-phosphorous (NiP) interlayer
with a thickness of 24 um improved the load
support and tribological performance of PVD
coatings on copper alloys. LIN et al [10] showed
that the duplex electroless nickel/CrN/ZrN coatings
on ductile iron reduced the friction coefficient and
wear rate of the system, in comparison with a single
coating. In another attempt, STAIA et al [11]
demonstrated that the wear rate of the NiP/DLC
coating on Al 2024-T6 was remarkably lower than
that in the uncoated aluminum alloy.

Corresponding author: Farideh DAVOODI, E-mail: f.davoodi@ma.iut.ac.ir

DOI: 10.1016/S1003-6326(22)65912-0

1003-6326/© 2022 The Nonferrous Metals Society of China. Published by Elsevier Ltd & Science Press



Farideh DAVOODI, et al/Trans. Nonferrous Met. Soc. China 32(2022) 1834—1851 1835

Coating thickness has been shown to have a
strong effect on the load bearing of systems [12],
but the required thickness for protecting the
substrate from deformation is not often well known.
KOMVOPOULOS [13] reported that when a stiff
coating system is loaded by a sphere, the coating
thickness should be larger than the half-width of the
contact area in order to protect the substrate from
plastic deformation. Another key factor on the
load bearing capacity is the coating—substrate
adhesion [14,15], because the first requirement for
the use of coating systems in contact conditions and
tribology is the strong bonding of deposited
coatings to the substrate. Finally, elastic modulus of
the coated sample is the other significant influential
factor on the load bearing capacity. In a previously
published literature [16], the influence of the elastic
modulus of polyuria layer on a ceramic coating was
investigated. To study the mechanism of flexural
strength, the analysis of the load—displacement of
the coated ceramic specimens with different elastic
moduli of the polyuria coating was carried out. The
results confirmed that the higher modulus coating
led to more load bearing capacity of the coated
sample and its flexural strength. According to YE et
al [17], the elastic modulus mismatch between the
deposited film and the substrate is one of the key
factors determining the performance and load
bearing of WC/C coated substrates. The results
have also illustrated that the small mismatch of
elastic modulus could contribute to the tribological
performance of the systems.

Given the effect of thickness, adhesion and
elastic modulus on the load bearing, it can be
acknowledged that there must be a relationship
between these three factors and the measured load
bearing; therefore, appropriate methods are needed
to develop some mathematical models. One of
those good techniques is supervised statistical
learning method; this includes a set of predictor
variables, X;, j=1, 2, -, p, and a dependent
variable, Y. By this process, Y can be predicted by
the proposed model [18].

Over the years, there have been some attempts
focusing on the modeling of coating characteristics
by statistical learning theories. YAZDI et al [19]
estimated the maximum hardness of titanium films
based on pressure and temperature conditions by
using the artificial neural network. It was observed

that the neural network results and experimental
data have an excellent agreement with each other.
RAFIEERAD et al [20] also proposed the genetic
algorithm as an accurate model to predict the
hardness and adhesion strength of niobium PVD
coatings by using the DC bias, the argon flow rate
and DC power. In another work done by CHEN et
al [21], a prediction model based on the support
vector machine (SVM) was developed for the
thickness and microhardness of coatings by
considering laser cladding process parameters (27
groups of the experimental data). The correlation
coefficient and determination coefficient for the
model were greater than 0.9, thus the model had
high accuracy.

In this work, 18 specimens of different duplex
coatings were prepared in an attempt to present a
new method to estimate load bearing. Due to
limitations in the coating system, the size of the
obtained experimental data was small. To overcome
this problem, the resampling techniques and
appropriate models with less complexity could be
attractive. One of the methods considered for small
datasets is the SVM method [22]. One of the most
important branches of SVM, based on the statistical
learning theory, is support vector regression (SVR),
which is good for solving nonlinear regression
problems with the minimum structural risk [23].
Partial least squares (PLS) is another statistical
regression method presenting the results in the form
of formulas; it also has the minimum variance
among the estimators considered [24].

No single definition of the load capacity has
yet been provided. Tribology test [7], indentation
test [12] and scratch test [5,7] are regarded as the
most common techniques for assessing the load
bearing capacity of the coating system by using the
critical load. In the present work, the load bearing
capacity of the coated samples, in terms of the
thickness, adhesion of the interlayer to the substrate
and the elastic modulus, was evaluated using PLS
and SVR models. Finally, the wear loss and
adhesion of typical coatings of different load
bearing capacities were measured experimentally
and compared with analytical data.

2 Experimental

2.1 Substrate materials
6061-T6 aluminium alloy with the chemical
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composition (wt.%) of 1 Mg, 0.65 Fe, 0.6 Si, 0.35
Cr, 0.2 Cu, 0.2 Zn, 0.15 Mn, 0.13 Ti and balanced
Al was used as the substrate material. The samples
were cut and mirror polished to a surface roughness
of ~ 0.05 pum, then, they were degreased in ethanol
and rinsed with deionized water.

2.2 Coating processing

Nickel phosphorous with different thicknesses
ranging from 5 to 25 um was deposited on the
aluminum substrates as the intermediate layer; this
was followed by TiN coating with the thicknesses
of ~2um and ~5pum as the top coating. The
nomenclature of the specimens is presented in
Table 1. SLOTONIP 70A solution, which is a
commercial bath for the electroless process, was
purchased from Schlotter Company (Geislingen,
Germany).

TiN coatings were deposited over the NiP
coated specimens by an industrial cathodic vacuum
arc PVD system with a chamber having a volume of
0.86 m*; it was equipped with Ti target (99.5%

Table 1 Nomenclature of specimens

purity) and a mixed atmosphere of 99.99% argon
and 99.99% nitrogen gases. The process parameters
for deposition of NiP and TiN coatings are
summarized in Tables 2 and 3, respectively.

2.3 Estimation of load bearing

Load bearing of the alloys was obtained using
hardness vs load curves. The curves for some
samples with different hardnesses are depicted in
Fig. 1. For this purpose, a Vickers microhardness
tester, Leitze Wetzlar model, was used at room
temperature and the average values of five
indentations were reported on each load. Although
small loads were employed for hardness
measurements, the indentation depth was greater
than 1/10 of the total thickness of the coating
and the intermediate layer and, accordingly, the
hardness reported at each load was influenced by
the hardness of the substrate. This dependency was
supposed to be similar for all specimens, thus, no
significant effect on the calculation of the load
bearing.

Specimen Substrate Type of interlayer Thickness of interlayer/um  Thickness of TiN/um
TiN2 Al 6061 - 0 2
TiN5 Al 6061 - 0 5
S5L-2 Al 6061 Ni-low phosphorous 5 2
15L-2 Al 6061 Ni-low phosphorous 15 2
25L-2 Al 6061 Ni-low phosphorous 25 2
SM-2 Al 6061 Ni-medium phosphorous 5 2
15M-2 Al 6061 Ni-medium phosphorous 15 2

25M-2 Al 6061 Ni-medium phosphorous 25 2
SH-2 Al 6061 Ni-high phosphorous 5 2
15H-2 Al 6061 Ni-high phosphorous 15 2
25H-2 Al 6061 Ni-high phosphorous 25 2
S5L-5 Al 6061 Ni-low phosphorous 5 5
15L-5 Al 6061 Ni-low phosphorous 15 5
25L-5 Al 6061 Ni-low phosphorous 25 5
SM-5 Al 6061 Ni-medium phosphorous 5 5
15M-5 Al 6061 Ni-medium phosphorous 15 5
25M-5 Al 6061 Ni-medium phosphorous 25 5
SH-5 Al 6061 Ni-high phosphorous 5 5
15H-5 A1 6061 Ni-high phosphorous 15 5
25H-5 Al 6061 Ni-high phosphorous 25 5
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Table 2 Process parameters for NiP coatings

Process parameter Value
Process temperature/°C 85-90
Agitation speed/(r-min!) 750
Low phosphorous 5.60+0.05
pH Medium phosphorous 4.70+0.05
High phosphorous 3.60+0.05
Deposition rate/(um-h™) 18-22
Table 3 Parameters for arc PVD process
Process parameter value
Chamber pressure before deposition/Pa 0.008
Substrate bias voltage/V 100
Rotational speed of substrate/(r-min™") 10
Temperature during coating process/°C 120+10
Time required to get 1 um thickness of 60
coating/min
Sputtering time/min 20
Arc current/A 120
Distance between sample and target/cm 30
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200
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Load/kg

Fig. 1 Curves of hardness vs applied load for specimens

Indentation tests such as microhardness test or
Rockwell indentation test are frequently used to
determine the static load capacity of a coated
system. Figure 2 presents schematically a coated
specimen under load during hardness test and the
accompanied deformation area. High pressures
produced by high normal loads are transmitted to
the substrate through the coating, leading to elastic
and plastic deformation. By applying the proper
intermediate coating, the interfacial stresses could

be spread onto the interlayer, thus protecting the
substrate from them [25]. It can be said that the
obtained hardness relative to the applied load,
depends on the load bearing of each sample. In this
study, a criterion was defined to estimate the load
bearing capacity in order to compare the specimens,
numerically. Load bearing could be assumed as a
combination of the applied load and specimen
hardness; it was measured as the area under
“hardness vs load” curves for each specimen.

Diamond 136°

indenter —

‘ i é Coated sample

Fig. 2 Schematic diagram of microhardness test showing

deformation zone below indenter

Formulation of load bearing (Y) was carried
out based on three wvariables: thickness (X)),
adhesion (X2) and elastic modulus (X3). Total
thickness of the intermediate layer and the top
coating, the adhesion of the intermediate layer to
the substrate and the elastic modulus of the duplex
coating were considered as Xj, X> and X; variables,
respectively. The total thickness of the cross-section
was obtained by adjusting the parameters of the
coating processes; it was measured using scanning
electron microscopy (SEM) images (model: Philips
XL30).

In addition to the thickness and the type of
electroless layer, there are more important factors
affecting the adhesion of electroless layer on
aluminum substrate such as heat treatment and
zincating treatment. Difference in adhesion values
due to the heat treatment has been reported by many
authors. BOUAZIZ et al [26] and, RAMALHO and
MIRANDA et al [27] have shown that with
increasing temperature, a diffusion layer between
the substrate (especially light substrates like
aluminum and titanium) and the electroless coating
is formed, as a result, hardness and adhesion
strength increase. SUDAGAR et al [28] and HINO
et al [29] have demonstrated that the double zincate
layer led to stronger metallurgical bonds between
the coating and the substrate than that of single
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zincate layer during electroless process. For
modeling of the problem, layers with different
adhesion values were needed, and we found that
with the operation presented in Table 4, a specific
adhesion could be obtained for each specimen. By
definition, adhesion is the bonding strength between
the substrate and the coating in contact at the
interface, although the film can be single layer or
multilayer. In the present research, TiN was selected
as the top layer, produced by PVD process from a
vapor source. The adhesion of this top coating is
much higher than that of the NiP coating to the
substrate and no de-bonding of TiN occurred during
the adhesion tests. Therefore, the adhesion between
the layers was not considered in the models, instead,
the focus was on the adhesion of NiP to the
substrate.

The adhesion strength at the substrate—NiP
interface was measured using the pull-off adhesion
test inspired by ASTM C 633. A Hounsfield H25KS
tension testing machine at 1 mm/min of crosshead
speed was then employed to apply the tensile load.
In this method, the NiP-coated sample was glued
by 3M Scotch Weld-2214 epoxy adhesive to a
counterpart with a diameter of 12 mm that was grit
blasted. After mounting in the self-aligning device
at 121 °C for 40 min, the adhesion strength was
tested in the machine. The adhesion strength was
obtained by dividing the failure load to the
cross-sectional area of the specimen. The test was
repeated three times on each coating, and the results

were averaged. The adhesion test set-up is

schematically depicted in Fig. 3.

Nano-indentation tests were then conducted
with a diamond indenter under a maximum load of
~ 10 mN to determine the elastic modulus. In order
to eliminate the substrate effect, the indentation
depth was kept below 1/10 of the total thickness of
the interlayer and the top coating [30]. The tests
were repeated three times and the average of the
reduced elastic modulus (£;) was calculated for
each specimen. When E: is derived from the
nano-indentation test, the elastic modulus of the
duplex coating (£) can be determined from Eq. (1):

1 1-v? 1-?

- = L+
E E. E

r 1

(1)

where FE; and v; are the elastic modulus and
Poisson’s ratio of the indenter, respectively, and v is
the Poisson’s ratio corresponding to the duplex
coating. Also, vcan be obtained from Eq. (2) [31]:

v=v V., +v.[V, )

where v, and v, refer to the Poisson’s ratios of the
metallic (NiP) and ceramic coatings (TiN),
respectively. Based on the previous reports, vy is
~0.3 [11] and v, is ~0.25 [32]. Vi, and V. indicate
the volumetric ratios of the metal and ceramic
coatings, respectively.

The input and output values for the specimens
are presented in Table 5. Adhesion and elastic
modulus values were acquired by using the tests,
and the load bearing values of different specimens
are also shown in the bar plot represented in Fig. 4.

Table 4 Effective operations applied to obtaining different values of adhesion between NiP and substrate

Type of interlaver Thickness of  Heat treatment ~ Very low zincating  Single zincating ~ Double zincating
P Y interlayer/um (400 °C for 1 h) treatment (1 s) process (5s)  process (15s+205s)
Ni-low phosphorous 5 v v
Ni-low phosphorous 15 v v
Ni-low phosphorous 25 4
Ni-medium 5 v v
phosphorous
Ni-medium 15 v
phosphorous
Ni-medium 25 v v
phosphorous
Ni-high phosphorous 5 v
Ni-high phosphorous 15 v v
Ni-high phosphorous 25 4
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Fig. 3 Schematic diagram of pull-off adhesion test

Table 5 Input and output values of specimens

Specimen Tput Output, E//
Xi/um XJ/MPa X3/GPa (kg’mm™)
5L-2 7 78 2805 125.31
15L-2 17 1527 2812  139.265
25L-2 27 13.8 3103  225.245
5M-2 7 1432 2682  119.215
15M-2 17 204 2902  191.445
25M-2 27 2433 3014  228.885
5H-2 7 10.83 2412 122.93
15H-2 17 2176 2784  196.755
25H-2 27 1857 2956 221.52
5L-5 10 78 2769 126.46
15L-5 20 1527 28738 156.2
25L-5 30 13.8 3062  178.305
5M-5 10 1432 2896 164.16
15M-5 20 204 297.1 208.41
25M-5 30 2433 3472 292.5
5H-5 10 1083 2483 131355
15H-5 20 2176 2795  241.165
25H-5 30 1857 2967 257.02

3 Modeling of load bearing

3.1 Theory of PLS and SVR

PLS is a multivariate technique for path
modeling latent variables by projecting the
predictor and response variables to a new space,
then it can predict dependent variables based on the
independent variables [33]. The details of the PLS
method can be found elsewhere [34].

SVR is applied to solving the regression
problems. For this purpose, a training data set 7=
[(x1, 1), ***, (x1, y1)], where x;, y; and / denote the
input values, output values and the size of dataset,

25

(2)

Adhesion/MPa

8 8 g &

g i g g g § & g g
Y SS S P

Specimen

350

300 -

250

200

150

Elastic modulus/GPa

100 {f

I
5014

Specimen

300
250
200
150 -
100 :

50

Load bearing capacity/(kg?-mm2)

Specimen

Fig. 4 Adhesion (a), elastic modulus (b) and load bearing
capacity (c) of specimens

respectively, must be considered, and a linear
regression function f{x) is also defined in order to
minimize the structural risk R[f]. The relevant
relationships are shown in Egs. (3) and (4):

f(x)=w-p(x)+b, we R", be R (3)
RLf1= [ L(y, f(x)dp(x.y) 4)

where w is the weight vector, ¢(x) is a function for
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the non-linear mapping of the input data to the
higher dimensional space, R is the real number,
R[ f] is the regularized risk function or structural
risk, p(x, ) is the joint probability function of x and
vy, b is a constant, and L is the loss function, as
shown in Eq. (5):

)=y -e. if|f() -y 2

0, otherwise

L(y,f(x))={ (5)
where ¢ is a given positive number representing the
distance around the regression function f{(x).

The details of the SVR method can be found
elsewhere [23].

Usually, in order to make prediction based on
the new data in the learning models, the train-
test split is a good procedure for performance
estimation. Training data are a dataset used for
training the algorithm and fitting the model. Testing
dataset is used to provide an evaluation of the
obtained model from the training dataset. The
train-test split procedure is good for a very large
dataset; however, in this work, the dataset acquired
from experiments represented a small sample size.
To cope with this problem, resampling methods like
k-fold cross validation method was employed as an
appropriate strategy [35]. Accordingly, all data were
selected for both training and validation sets. The
available data were partitioned into six equal
groups. A fold was then considered as the validation
set and other k—1 folds were assigned to the training
set. The accuracy of the models was evaluated by
all six cases of cross validation. The statistical
criteria were defined as the average of the obtained
criteria from each partition.

Double interaction terms were also added to
the regression models to better understand the
relationships among the variables under study, and
the selection of the variables was done using
backward stepwise selection. All modelings were
done using Matlab 2018a.

3.2 Performance comparison

The coefficient of determination (R?), the
adjusted determination coefficient (Rgdj), the root
mean square error (RMSE), Akaike information
criterion (AIC) and Bayesian information criterion
(BIC) were used as an assessment index system to
measure the efficiency of the PLS and SVR models.
R? is the proportion of the variance of a dependent
variable as explained by the fitted model, Rgdj is a

modified version of R” that accounts for the
predictors which are not significant in a regression
model, RMSE is an ideal index used to evaluate the
error of a model, and AIC and BIC help to obtain
the best model that fits the data. The mentioned
statistical criteria are defined as

Z(yi_j}i)z
RP=1-2— (6)
Z(yi_)_’)z
i=1
1-R*)(n-1)
g2 —1- =R -D 7
adj n—P—1 ( )
1 .
RMSE =, /;Z(yi - (8)
i=1
AIC=2K —2InL 9)
BIC=KInn-2InL (10)

where y; is the observed output data, y; is the
estimated value, y is the mean values in the dataset,
n is the total sample size, P is the number of
predictors, K is the number of the parameters of the
models, and L is the likelihood function.

4 Experimental evaluations

For experimental evaluations and qualitative
comparison of the load bearing capacities, some
samples including single and duplex coatings with
different values of load bearing (low, medium and
high load capacity) were considered. For this
purpose, TiN2, TiN5, 5L-2, 25L-5, 25H-5 and
25M-5 with the load bearing values of 106.9, 115.4,
125.3, 178.3, 257.0 and 292.5 kg*/mm?, respectively,
were selected.

4.1 Characterization

Microstructural examination of the cross-
sections was carried out by SEM. To study the
phase analysis of the specimens, an X-ray
diffractometer (XRD, Philips XPERT-MPD) was
utilized. The X-ray was generated by a Cu target
that was operated at 40kV and 30mA, in a
scanning angular range of 20°-100°, with the step
size of 0.05° and counting time per step of 1 s.

4.2 Wear tests

To compare the wear behavior and load
bearing of the coatings, the coated samples were
examined using a ball on disc tribometer. Schematic
diagram of the experimental set-up for the wear
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tests is shown in Fig. 5. The coated alloys were
prepared in the disc shape with dimensions of
50 mm (diameter) x 5 mm (thickness); as a counter
body, a zirconia ball with the hardness of 13.5 GPa
and a diameter of 10 mm was used. The wear
experiments were performed at a normal load of
2 N, a sliding velocity of 0.06 m/s and a sliding
distance of 100m by pressing zirconia balls
towards the rotating disc specimens. Three wear
tests were carried out for each coated specimen at
25°C under ambient humidity to ensure the
repeatability of the tests. After test, the wear tracks
were studied by using SEM and energy dispersive
X-ray spectroscopy (EDS).

Support
Ball cylinder

holder

Ball

Load Sample

Weight e position

(b) ; Load

Fig. 5 Schematic diagrams of ball-on-disc wear

apparatus (a) and disc sample and ball (b)

4.3 Adhesion test

A Rockwell superficial hardness test was then
performed according to ASTM EI8 for the
qualitative evaluation of the coatings adhesion. In
this regard, a universal hardness tester device
equipped with a Rockwell C tip having a radius of
200 pm was utilized. A load of 45 kg was applied to
producing indentations on each surface. An optical
microscope (Nikon EPISHOT 300 microscope) was
then employed to examine the images. The obtained
micrographs were scaled by the ImageJ software.

5 Results and discussion

5.1 PLS and SVR models

The results obtained by PLS and SVR models
for the prediction of load bearing are shown in
Fig. 6. In these plots, high-precision models show
more points with less scattering near the bisector
line. Given the distribution of points for both
models, it could be said that the predicted values
of the models and the wvalues obtained from
experiments were close to each other; both models
indicated acceptable accuracy. To compare the
model performance, R?, Ridj, RMSE, AIC and BIC
were calculated for the training and validation sets,
as presented in Table 6. For the PLS model, R and
Ridj of the training set were lower than those
obtained from the SVR model; however, for the
validation set, the values of these statistical criteria
in the PLS model were higher. Nevertheless, the
less influence of R* on detecting generalization
issues and performance comparison of models has

350 @

300 -

0 50 100 150 200 250 300 350
Target

300 ®)

250 1

200 .

Output
@
(=)

100

501

0 5I0 160 15IO 260 250 300
Target
Fig. 6 Scatter plots of PLS (a) and SVR (b) models for
experimental (target) and predicted (output) values (after
6-fold cross validation)
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Table 6 Comparison of statistical criteria for different
models

PLS SVR
IndeX “Training Validation Training Validation
set set set set

R? 0.945 0.932 0.956 0.796
Rk 0.941 0.864 0.953 0.592
RMSE 11.715 28.905 13.588 32.73
AIC  2106.1 2862.2 4219.9 3586.7
BIC 2112 2863.3 4225.8 3587.8

been expressed [23]. RMSE, AIC and BIC must
include the lowest values to obtain the best model.
So, the highest accuracy based on RMSE was
obtained for the PLS model. On the other hand, the
PLS model had lower AIC and BIC, therefore, it
could better fit the experimental data in comparison
to SVR. By comparing the performance of the
models, it could be said that both models were
acceptable, but the PLS model was superior to the
SVR method.

PLS regression of the response variable (Y), by
considering double interactions and detecting the
non-significant terms, led to Eq. (11):

Y =5016+76.6119X, +90.6119X, —44.3635X, +

0.2501X7 +0.0971.X; +0.5685X, X, —
0.3354X,X, —0.3186.X, X, (11)

Selecting variables using the backward
procedure in the SVR method created the most
accuracy for a model based on four variables: Xi, Xa,
X3 and X2X3.

The coefficients of correlation between
thickness (X1), adhesion (X2) and elastic modulus
(X3) with load bearing (Y) were 0.841, 0.8092 and
0.7657, respectively. In fact, all inputs had a high
effect on the load capacity.

The load bearing which was measured as the
area under hardness vs load curves, was achieved
by averaging repetitions (m=>5) of the experiment at
each level of independent variables. This average,

_ 1 m . .
Y, :_ZYij (that is the measured load bearing
m -

capacity) was recorded for the ith pattern of
independent variables
response variable for this pattern. Then, a model
was fitted based on the observed )_’, =1, =, n)
and independent variables. Then, based on this
fitted model, a response corresponding to the ith

and considered as the

pattern of independent variables can be predicted
and showed this prediction by I}I:Xiﬁ (that is
the calculated load bearing capacity by model),
where X} and B are, respectively, p dimensional
vectors of independent variables’ observations and
the estimated regression coefficients. This model is
useful for inferring about the effects of covariates
on the response variable and also for the predication
of the response for new cases. To compare the
accuracy of Y, and IZ in predicting the new

1

response (Yi* ), Egs. (12) and (13) are used:
Y, ~YF = BIY, - i 7 + By, ~ YT -
2E[(Y, - )1, = ¥,)] = Var(¥,) + Var(¥,) =

2
o 1
—+02:0'2[1+—} (12)
m m
where ; and ¢* are, respectively, the expectation
and the variance of a response with the ith patterns
of independent variables, and

E[Y,-YF =ElY, -4 + By, - T -

1

2E(Y; - )1, =Y =
Var(Y)+ Var(Y,") = Var(X /) + 0° =
X/Var(B)X, +0> =c?[1+ X(XX) "' X,](13)

where X is the nxp design matrix including all
observations for independent variables.

It is seen that when E[Z—K*]2<E[}}i—)/i*]2,
the accuracy of I_C in predicting Yi* is more than
2 , and this depends on the number of repeated
measurements (m) and also on the design matrix. To
estimate E[Y,—Y'T and E[Y,-Y'T*, o can be
replaced by RMSE and then depending on the
required pattern of independent variables, these
quantities can be computed. Since there are the
limitations on the number of repeated
measurements, and since there are informative
independent variables, the accuracy of ff is
expected to be more than the accuracy of I_C .

Using PLS has advantages in comparison to
the multivariate multiple regression models usually
used for modeling multiple dependent variables,
since PLS can handle multicollinearity [36]. Also,
the PLS has advantages in comparison to the
principal components regression models usually
used in the case of having many correlated
covariates which focuses on variance while
reducing dimensionality instead of the covariance
used in the PLS [37]. Moreover, in principal
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component regression, the dependent variable is not
taken into account when the components are
created.

In PLS model, data should be complete and the
sample size must be adequate. The standard error
size of the estimate is important in the proposed
model. The large standard errors are a sign of
inadequate sample size [38]. Acceptable errors in
the proposed model for load bearing capacity
indicated the appropriate sample size in the PLS
method.

One of the specific features of PVD coatings is
the presence of high residual stress [39]. There are
two main sources of residual stress in PVD coatings:
thermal stress and intrinsic stress. Thermal stress
arises from the mismatched thermal expansion
coefficient between the film and substrate during
the cooling period after the deposition, and the
intrinsic stress is generated in the growth stage [3].
High residual stress can lead to various defects such
as cracking, delamination [15], and substrate
deformation [17], resulting in the reduced load
bearing capacity of the coatings. Increasing the
residual tensile stress and defect exerts an
undesirable effect on adhesion performance which
in turn decreases the load bearing capacity [40].
Using an appropriate interlayer is useful for
reducing the residual stress between the top coating
and the substrate, thereby, enhancing their bonding
strength [4]. It has been reported that the films with
many defects lead to reducing in load bearing
capacity and the deformation of the substrate; so in
this case, the coating is easy to peel off from the
substrate [41]. The highest correlation or the
strongest linear relationship was found between
thickness and load bearing. Thick PVD coatings
(>10 ym) may be inefficient because of the more
residual stress. On the other hand, although thin
layers contain less residual stress and defect, they
could not be supported by the underlying metal,
properly. If high thickness is provided by the
middle layer, a high load bearing can be obtained. It
was evident that in coated system with high
thickness, better mechanical properties and strong
load bearing capacity could be obtained [25]. In a
previous study [14], TiN coatings, because of
the low thickness, showed a low load capacity;
however, they had good adhesion to the aluminum
substrate. Without the intermediate layer, the
aluminum substrate is rather soft, it is deformed

easily and shear fracture occurs near or at the
interface. The adhesion of the coating to the
substrate and film toughness can control this type of
fracture. A good support interlayer not only
provides sufficient adhesion, but also improves the
mechanical properties and load bearing capacity,
inducing a strengthening effect.

5.2 Microstructure

Figure 7 presents the XRD patterns considered
to evaluate the crystalline structures of the coated
aluminum alloys. There are Ni and TiN diffraction
peaks in the XRD patterns for all specimens. The
XRD patterns are similar to those in the NiP/TiN
coatings deposited on other substrates [42]. In
Specimens 5L-2 and 25M-5, due to heat treatment
at 400 °C, some peaks appeared from NisP phase
at 260 of 40°-50° [30]; during annealing, the
partial transformation of the NiP interlayer to the
crystalline phases happened. Aluminum peaks were
observed in all specimens related to the penetration
of the X-ray into the thin coatings. Because of the
low thickness of TiN2, the intensity of Al peaks was
at the highest value.

. IC]
«—TiN = A, .
o —Al 0 vvv v . AR
A—Ni
v —Ni,P
ZSM-LMMJ\A S
25H-5 ; A
25L-5 J 5 1
5L-2 — _M :thF’L __ P —— 74__%_*
TIN5 1}
TiN2 @ PAGR E  p 0 A P
20 30 40 50 60 70 80 90 100

20/(°)
Fig. 7 XRD patterns of coated specimens

During heat treatment of the NiP coatings,
diffusion occurs at the interface leading to
improved adhesion of the coating. LIEW et al [43]
have found that the precipitation of Ni;P compound
and segregation of phosphorous at the grain
boundaries during the heat treatment of NiP
coatings, lead to improved friction and wear
performance. Also, the dissimilar phase boundaries
help stopping the movement of dislocations,
followed by more hardness of the coating [44].
Increasing the hardness due to the NisP
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precipitation, contributes to high load bearing of the
coated substrate and improves the wear behavior.
However, wrong heat treatment procedure or
inadequate zincating treatment might cause a
reduction in coating adhesion, thus, undesirable
effect on load bearing capacity.

SEM cross-sectional images of TiN2, TiNS5,
5L-2, 25L-5, 25H-5 and 25M-5 are presented in
Figs. 8(a—f), respectively. The TiN coatings had
non-uniform thickness with more defects, in
comparison with the NiP, which could be due to the
relatively low temperature of the process [45]; in
contrast, NiP coatings had a dense and continuous
structure in all duplex coatings. Neither sign of poor
adhesion of the NiP coatings to the substrate was
seen in SEM images for 25L-5 and 5L-2, nor there
was pronounced delamination at the interface.

5.3 Wear assessment

Tribological tests are very common in
qualitative evaluation of the load bearing capacity
of the coating systems. The coefficient of friction
(COF) and SEM—EDS analysis of the worn surfaces
for various specimens at a load of 2 N and for
100 m sliding distance can be seen in Figs. 9 and 10,

respectively. Friction coefficient of the bare
aluminum remained almost fixed at an average
value of 0.7 (Fig.9(a)). It was similar to the
previous reports in regard to the friction coefficient
of Al 6061, which was in the range of 0.75—0.85
against the AISI 52100 steel ball [46] and ~0.65
against an AISI 4140 steel counterface [47]. The
fluctuation in the friction trace with the sliding
distance could be due to subjecting aluminum to the
stick-slip phenomenon. The width of the wear track
of Al 6061 was as high as ~1500 um, reflecting the
contact area between zirconia ball and the test
specimen (Fig. 10(a)). Plowing lines on the worn
surface indicated that the plowing mechanism
played an important role in the wear mechanism.
Along the sliding distance, the temperature at the
contact interface is increased and this could cause
the excessive plastic flow [48].

TiN2 and TiN5, as depicted in Figs. 9(b, c),
revealed large variations after about 20 and 48 m of
sliding, respectively; these were followed by a
remarkable rise to around 0.65-0.8, near the COF
of the base metal. Observation of the tribological
behavior of the TiN coatings and the faster increase
in the friction coefficient for TiN2 revealed the

Fig. 8 SEM cross-sectional images of coated specimens
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Fig. 10 Wear track morphologies of specimens

lower load carrying capacity of TiN2 as compared during sliding, some debris could be oxidized and
to TiNS5. After the failure of TiN5, COF began transferred to the counterface; a mechanically
with a value of ~0.8 and ended with a value of = mixed layer (MML) is formed on the worn surface,
~0.7. Because of the heat generated at the interface leading to the reduction of the COF [49]. Due to the
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early failure of TiN2, the substrate was further
exposed to wear and the width of the wear track
after 100 m sliding was about 450 um more than
that of TiN5; however, the worn surface of both
specimens could be described by the formation of
deep and long furrows; it was dominated by the
abrasive and ploughing wear (Figs. 10(b, c)).

For 5L-2, as shown in Fig. 9(d), the COF had
considerably more variations when compared to
other specimens, which began from ~0.45 and
ended to ~1. This trend might be attributed to the
very weak bonding and the poor adhesion between
the substrate and the NiP interlayer. Also,
fluctuation in the form of sharp peaks was seen,
especially in the last 50 m. The width of the wear
track was around 515 pm with cracks on it
(Fig. 10(d)). The presence of pores could lead to the
crack nucleation. Growth and propagation of cracks
led to considerable delamination, spallation and
high wear rate for this specimen. The analysis of the
interface failure mode is useful for estimating the
load carrying capacity, in a qualitative manner [17].
EDS analysis relevant to the Region A for worn
surface of 5L-2 (Fig. 11(a)) also demonstrated the
noticeable presence of Zr and O elements, thereby
indicating the occurrence of oxidation and the
adhesive wear mode. On the other hand, the
existence of the Al peak confirmed the failure of the
top coating and interlayer in some parts of the
surface.

Figure 9(e) illustrates the friction behavior of
25L-5. COF was increased from 0.3 to 0.7 in the
first 20 m and then remained unchanged. Wear track
morphology, as shown in Fig. 10(e), included debris,
delamination and deep ploughing with a width of
~380 um. The motion and entrapment of the
agglomerated wear debris during sliding could
cause fluctuation in the friction trace, resulting in
the three-body abrasive wear [48]. Considerable
quantities of Ni on the worn surface (Fig. 11(b))
belonging to the Region B could indicate the failure
and delamination of the TiN coating. Better
tribological performance of 25L-5 rather than 5L-2
could reflect more load capacity of 25L-5. Higher
thickness and improved adhesion strength could
contribute to the wear resistance of 25L-5. In the
case of 25H-5 and 25M-5, COF was below 0.3
during sliding (Figs. 9(f, g)), and the wear tracks
were approximately smooth, with a width of around
300 and 200 um, respectively (Figs. 10(f, g)). The
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Fig. 11 EDS spectra of Areas 4 (a), B (b) and C (c) in
Fig. 10 on worn surfaces

high amount of Ti element, according to the EDS
results (Fig. 11(c)), which was relevant to the
Region C, indicated that the top coating remained
almost intact. Unlike a previous study [50] that
the NiP coating with a low amount of phosphorus
showed higher wear resistance in comparison to the
medium or high phosphorus, in our evaluations, the
wear resistance of 25H-5 and 25M-5 was much
higher than that of 25L-5, This effect could be
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attributed to the better adhesion of the interlayer to
the substrate by double zincate treatment [29,51].
Regarding 25M-5, the creation of a homogeneous
structure, because of the double zincate processing
and heat treatment, resulted in further adhesion
strength. The higher wear resistance and load
bearing capacity of this specimen are in agreement
with previous reports [27,52].

5.4 Adhesion of coatings

Indentation test is one of the common
techniques used for the adhesion evaluation of the
coatings; the comparison criterion is the size of the
damaged area during the test [53]. Optical
micrographs of the coated alloys after adhesion
tests are shown in Fig. 12. For TiN2, some spherical

cracks and spallation were observed (Fig. 12(a)).
Delamination of the coating around the indent could
be relevant to the brittle nature and poor load
capacity of this coating system. Micro indentation
enables a qualitative estimation of the cracking
behavior; low strength coatings contain more and
longer cracks during indentation, whereas well
adherent coatings show higher resistance to
deformation [54]. For TiN5 (Fig. 12(b)), no
spallation was observed, but many circumferential
cracks were created during the test. Load bearing
capacity of the coatings could be judged from the
radial and spherical cracks and the delamination
after indentation. It can be seen from Fig. 12(c) that
there were a significant number of radial and
spherical cracks confirming the weak interfacial

Radial cracks

Fig. 12 Rockwell indentation of coated specimens under load of 45 kg
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bonds. The very poor adhesion of the interlayer to
the substrate in this system could be regarded as the
most important reason for the unacceptable
performance in the adhesion test. In the case of
25L-5 (Fig. 12(d)), only a few radial cracks
displaying better load capacity and further adhesion
can be seen, in comparison to the previous coatings.
As can be seen in Figs. 12(e, f), 25H-5 and 25M-5
exhibited great adhesion. In some regions, the
pile-up of the substrate was observed, but there was
no sign of delamination, spallation or cracking, thus
indicating strong bonds between the layers and the
substrate. The surface of these coated specimens
was smooth and clean, thereby implying the good
adhesion between NiP and the aluminum substrate,
as well as the satisfactory adhesion between NiP
and TiN coatings. This result was also in
accordance with the previous findings [10,42]
concerning the effect of the electroless nickel layer
on the improvement of the adhesion of duplex
coating systems.

6 Conclusions

(1) A quantitative method was proposed to
predict the load bearing capacity of the NiP/TiN
duplex coating on Al 6061 via PLS and SVR
models. To overcome the problem of the small size,
K-fold cross validation as a resampling approach
was applied. The results illustrated that both models
had an acceptable performance on R?, Rﬁdj, RMSE,
AIC and BIC, but PLS was more successful than
the SVR method.

(2) An equation was presented through the
PLS model for load capacity in terms of three
variables (thickness, adhesion and elastic modulus).
All three variables were shown to have strong
effects on the load bearing; however, thickness had
the greatest effect.

(3) Comparison of several coated samples with
various load bearing capacities confirmed the
improvement in the tribological properties and
adhesion behavior in terms of higher load capacity.

(4) Under a load of 2N and during 100 m
sliding, single PVD coatings were completely
failed; however, for the duplex coated aluminum
alloy with sufficient thickness, high adhesion and
high elastic modulus, the damage was relatively
small.
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