CHrinese PuysicaL Sociery | IOP Publishing

CPB

Chinese Physics B

http://cpb.iphy.ac.cn https://iopscience.iop.org/journal/1674-1056

Weakening effect of plastic yielding inception in thin hard coating systems

Xiao Huang(# i), Shujun Zhou(iiA %), and Tianmin Shao(Al K )
Citation:Chin. Phys. B, 2021, 30 (3): 038104. DOI: 10.1088/1674-1056/abc544
Journal homepage: http://cpb.iphy.ac.cn; http://iopscience.iop.org/cpb

What follows is a list of articles you may be interested in

Effect of AIN coating on hydrogen permeability and surface structure of VT6 alloy by

vacuum arc ion plating

Zi-Yi Ding( ] ¥##)
Chin. Phys. B, 2019, 28 (10): 108101.  DOI: 10.1088/1674-1056/ab3a8e

Effect of elasticity mismatch on cell deformation and migration: A phase-field study

Yuanfeng Yin(F* JGH), Hui Xing(J#), Duyang Zang(JELJE 1), Kexin Jin(4 75 35T)
Chin. Phys. B, 2018, 27 (11): 116201. DOI: 10.1088/1674-1056/27/11/116201

Unusual softening behavior of yield strength in niobium at high pressures

Qiu-Min Jing(HUFK &), Qiang He({a[9&), Yi Zhang(7K%%), Shou-Rui Li(Z=5F#i), Lei Liu(HlE), Qi-Yue Hou({z3HIH),
Hua-Yun Geng(Hk#£iz), Yan Bi(HE4E), Yu-Ying Yu(fiT F51), Qiang Wu(R=5#)
Chin. Phys. B, 2018, 27 (10): 106201.  DOI: 10.1088/1674-1056/27/10/106201

Annealing effect of platinum-incorporated nanowires created by focused

ion/electron-beam-induced deposition

Fang Jing-Yue, Qin Shi-Qiao, Zhang Xue-Ao, Liu Dong-Qing, Chang Sheng-Li
Chin. Phys. B, 2014, 23 (8): 088111. DOI: 10.1088/1674-1056/23/8/088111

Influences of nitrogen flow rate on the structures and properties of Ti and N co-doped

diamond-like carbon films deposited by arc ion plating

Zhang Lin, Ma Guo-lJia, Lin Guo-Qiang, Ma He, Han Ke-Chang
Chin. Phys. B, 2014, 23 (4): 048102. DOI: 10.1088/1674-1056/23/4/048102


http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abc544
https://doi.org/10.1088/1674-1056/abc544
http://cpb.iphy.ac.cn/
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ab3a8e
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ab3a8e
https://doi.org/10.1088/1674-1056/ab3a8e
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/27/11/116201
https://doi.org/10.1088/1674-1056/27/11/116201
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/27/10/106201
https://doi.org/10.1088/1674-1056/27/10/106201
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/23/8/088111
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/23/8/088111
https://doi.org/10.1088/1674-1056/23/8/088111
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/23/4/048102
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/23/4/048102
https://doi.org/10.1088/1674-1056/23/4/048102

Chin. Phys. B Vol. 30, No. 3 (2021) 038104

Weakening effect of plastic yielding inception in
thin hard coating systems™

Xiao Huang(#W#)!, Shujun Zhou(J&i&Z%)!, and Tianmin Shao(AR K> "

1Schoo] of Mechanical Electronic and Information Engineering, China University of Mining and Technology, Beijing 100083, China

2State Key Laboratory of Tribology, Tsinghua University, Beijing 100084, China

(Received 20 August 2020; revised manuscript received 5 October 2020; accepted manuscript online 28 October 2020)

Hard coatings have been widely applied to enhance tribological performance of mechanical components. However,
it was predicted that thin hard coatings may have a weakening effect which could reduce the coating/substrate system’s
resistance to plastic yielding compared with the uncoated substrate material. In this paper, analytical simulation is utilized
to investigate the origin of weakening effect. The functions of material mechanical properties and coating thickness on the
weakening effect are theoretically investigated. Partial-unloading spherical nanoindentation tests are performed on tungsten
coated single crystalline silicon and copper to acquire the stress-strain curves and compared with the uncoated cases. The
experimental results are in consistence with the analytical solutions, demonstrating the presence of weakening effect.
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1. Introduction

Hard coatings can effectively improve surface tribolog-
ical performance, especially in reducing friction and promot-
ing resistance to corrosion and wear.!»?! Classical wear theory
emphasizes surface hardness as the key factor of wear resis-
tance. In the last decades, physical and chemical vapor depo-
sition (PVD and CVD) enabled the fabrication of various hard
and even super-hard coatings.>*! However, the failure orig-
ination of a coating/substrate system in friction and wear is
complicated, not only abrasive wear on the top surface but also
coating fracture in the subsurface and plastic deformation in
the substrate can cause the coating failure.>-8! Particularly for
the PVD and CVD coatings whose thickness ranges from hun-
dreds of nanometers to a few microns, substrate plastic yield-
ing could be the premature failure in a coating/substrate sys-
tem. The plastic flow of substrate material permits the flexure
of coating and induces additional tensile stress in the coating,
accelerating the initiation and propagation of cracks within the

(9-10] Therefore, it is significant to promote

coating material.
the plasticity onset threshold of the substrate for enhancing
the tribological performance of a coating/substrate system.
The behavior of substrate yielding relates more closely
to the coating thickness and substrate properties rather than
the coating hardness.[®! Several publications revealed that thin
hard coating on soft substrate does not necessarily result in
better tribological performance. Conversely, it may cause
weakening effect of the resistance to plastic yielding in the

substrate due to additional stress. Komvopoulos found that in-

DOI: 10.1088/1674-1056/abc544

dentation of thin hard coatings on soft substrates may cause
higher substrate stresses compared with a non-coated case us-
ing the finite element method (FEM).I'!l Tt is worth noting
that the hard coating is defined as the coating’s elastic modu-
lus and hardness is relatively higher than the substrate. There-
fore the weakening effect could extensively exist in any hard
coating/substrate systems when the coating thickness is not ap-
propriately designed regardless of the coating deposition tech-
niques. In a following paper, Komvopoulos pointed out such
higher stresses have a weakening effect on the threshold to
plastic yielding of the coating/substrate system.!'?! Sun stud-
ied the contact mechanics between a rigid sphere and com-
pliant substrates coated with TiN coating using the FEM. 3]
The paper found that the critical load of yielding inception in
the coated system is smaller than that of the uncoated sub-
strate, demonstrating that the hard coating weakens the sub-
strate’s load carrying capacity. Recently, Goltsberg et al. [!+1]
studied the plasticity onset in a coated sphere loaded by rigid
flat using the FEM. The results showed that the weakening
effect is closely related to the elastic modulus mismatch be-
tween coating and substrate. Song et al.['®! studied the plas-
ticity onset in a coated flat contact with a rigid sphere by the
FEM and showed similar result with Ref. [14]. In addition
to these theoretical studies, there are also a few experimental
investigations of weakening effect. Our previous studies!!”-'8]
qualitatively validated the weakening effect model in Ref. [14]
using elastic-plastic index (EPL) and showed experimentally
that thin hard coatings can reduce the coated system’s re-
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sistance to plastic yield inception. Afterwards our studies
tested the wear properties of TiN and TiAIN coating on dif-
ferent substrates.!!”) The results showed that larger modulus
and hardness mismatch between coating and substrate could
cause the detrimental effect of wear properties. Rebholz et
al.?Y tested the pin-on-disk wear rate of Ti—Al-B-N coatings
on soft stainless steel substrate (H = 5 GPa). The experiments
indicated that the relatively hard coating with large Young’s
modulus demonstrated a higher wear rate than the coating
with moderate hardness and modulus. As can be seen from
the above-mentioned literature, the weakening effect has been
theoretically proposed several times by the FEM. However,
the FEM has the limitation on the element mesh density, so it
could be difficult to simulate the model with the coating thick-
ness in the range of micron and submicron. Meanwhile, the
detailed study on the origin and influencing factors of weak-
ening effect is still missing. In this study, by utilizing the im-
age charges method in contact mechanics,?!! the stress dis-
tribution in a coated system is evaluated analytically to inter-
preter the origin and influencing factors of weakening effect.
Moreover, the experimental validation of weakening effect is
indeterminate. In the preview studies, the authors proved that
potential weakening effect existed in coated system using in-

direct methods.[!7-18

I In this study, the spherical nanoinden-
tation tests are applied to convert the load-displacement curve
into a more meaningful stress-strain curve to identify the yield-
ing point.[?>23! The yielding threshold of coated and uncoated
single crystalline silicon are compared directly to validate the
credibility of weakening effect. This paper is organized as fol-
lows: Section 2 presents the theoretical background of stress
simulation and spherical nanoindentation. Section 3 describes
the experimental methods, Section 4 give the results of simu-

lation and experiments, and finally the conclusion is provided.

2. Theoretical background
2.1. Plastic yielding in spherical contact

Figures 1(a) and 1(b) schematically show a rigid sphere
(radius = R) in contact with an uncoated elastoplastic flat and
a coated elastoplastic flat, respectively. The classical Hertz
theory provides the following relations between contact load
P and interference /. in the case of a homogenous flat elasti-
cally deformed by a rigid sphere:

4 ER'V2pY?
RO v

where E and v are the elastic modulus and Poisson’ ratio of
the flat. The von Mises yielding criterion can be used to deter-
mine the elastic-to-plastic transition point in this study as the
following expression:

| i . L
GMZ{z[(Gl—Gz) +(02-03)" + (01 - 03) ]} » @

where oy is the von Mises stress, 01, 02, and 03 are the prin-
cipal stresses. When oy exceeds the yielding strength ¥ of
the flat material, the plastic yielding occurs. Combined the
Hertz theory and von Mises criterion, the critical load that
initiates the plastic yielding in a homogenous flat can be ex-

pressed as!!3]

3 2
T3 N4
P.= 6CVY<R(1 V)E> , 3)

where C, is the function of Poisson’s ratio in the form of
Cy, =1.23441.256v.

load P l (a) (b)

R

coating
thickness

substrate

z 12

Fig. 1. Schematic of spherical contact. (a) uncoated surface (b) coated
surface.

However, when the homogenous flat is coated, the Hertz
theory is no more valid to evaluate the stress distribution. In
this study, the stress distribution and plastic yielding inception
in the coated flat is solved by commercial FilmDoctor soft-
ware. The software is based on the image charges method,
which is well-known in electrodynamics. The image charges
method is completely analytical which can be expressed in el-
ementary functions and closed form.[?!>*1 In contact mechan-
ics, the method treats all the surfaces and interfaces as bound-
aries where special stress and strain conditions should be satis-
fied. In this study, the interface between coating and substrate
is assumed to be well-bonded, therefore, the displacement, the
stress normal to the interface and the shear stress are identi-
cal at both sides of the interface. The stress parallel to the
interface and the strains are different at two sides of the in-
terface. Based on the above boundary conditions, the princi-
pal stresses along the depth are evaluated and simultaneously
used to calculate the von Mises stress to determine the yielding
point. The load-displacement relation solved by FilmDoctor
was compared with the Hertz theory to verify the accuracy of
the software. The difference between two methods is less than
0.5% which is more accurate than the FEM with the error of
2.5%.

2.2. Nanoindentation stress-strain curve

Figure 2 schematically shows the geometry of a spherical
nanoindentation test. The total interference A consists of elas-
tic portion &, and plastic portion h,. The widely used Oliver
and Pharr method utilizes the unloading slope to determine
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the h by differentiating Eq. (1) with respect to 4 and yields
the following expression:

dpP 1/2
S _2ERV2pY. 4
ah e 4
Substitute Eq. (4) to Eq. (1) to result the following expression:
2dP
P=—-—nh 5
3 dh (3] ( )

where dP/dh is the stiffness S of the unloading part of the in-
dentation load-displacement curve, which can be determined
from the unloading slope. Therefore, the /. can be evaluated
by the following expression:

3P

Once h, is determined, the contact depth /. can be calculated.
The contact depth A is defined as the distance from the contact
point to the maximum interference. Sneddon!>! showed that
the elastic interferences above and below the contact point are
equal to each other. Therefore, A could be given in the fol-
lowing expression: 2]

h
hc%ht—i. (7)

Afterwards, the contact radius a can be given by

a = \/2Rh; — h% ~ \/2Rh. (8

Note that s, equals A, within the elastic limit, so the indenta-
tion radius @ can be simplified to a> = h - R when the defor-
mation is purely elastic. Combining Egs. (1) and (8) yields

P 4 a
—=zE| 5| ©)]

na 3t \R
Assuming indentation stress ¢ = % and indentation strain
€ = a/R, the linear relationship between ¢ and € is expected
within the elastic limit. Therefore, the plastic yielding in-

ception can be identified when the stress-strain curve deviates
from linear correlation.

Fig. 2. Schematic of spherical nanoindentation.

The above theory is based on the spherical indentation
test on a homogenous flat. When the flat is covered with coat-
ing, the linear relationship between ¢ and &€ is still valid,
but the ratio between ¢ and & is determined by the effective
modulus which is the function of the moduli of both coating
and substrate and coating thickness.

3. Experimental details
3.1. Specimen preparation

The (100)-oriented single-crystalline silicon wafer and
polished copper were used as substrates for coating deposi-
tion. Tungsten (W) coatings were deposited on silicon and
copper substrates by an ion beam assisted deposition (IBAD)
system.[?”] with the thickness of 700 nm and 600 nm respec-
tively. In the IBAD system, the assisted ion beam could im-
pact the coating atoms onto the substrate to improve the bind-
ing force between coating and substrate. For the deposition
process, the vacuum chamber was first exhausted to a base
vacuum pressure of 3.5 x 107 Pa to remove impurity gases.
Following this, working gas Ar was introduced into the cham-
ber and pressurized to 1.0 x 1072 Pa to start the ion arc. The
substrates were bombarded by the assist ion source for 10 min
for decontamination prior to the coating process. During the
deposition process, the working current of the ion sources was
80 mA with energy of 2500 eV. In order to obtain uncoated
specimens for comparison, several silicon and copper samples
were masked with tin foil and placed adjacent to the samples to
be coated. This was carried out to avoid possible heat induced
differences between the coated and uncoated samples.

3.2. Properties of measurement

The nanohardness and elastic modulus of the tungsten
coating, the silicon substrate and the copper substrate were
measured by the nanoindentation system (CSM Instrument
Nanoindentation Tester NHT2) using pyramidal Berkovich tip
with a force of 2 mN. For the nanohardness and elastic mod-
ulus tests, 20 repetitions were carried out in a 4x5 matrix
and 20 pm apart. Poisson’s ratio of the silicon, copper and
tungsten coating is assumed to be 0.3 in the modulus measure-
ments. The surface roughness is measured using an interfer-
ometer (ZYGO New View 8200).

3.3. Spherical nanoindentation

Spherical indentation tests were utilized to derive stress-
strain relations from common load-displacement curves as dis-
cussed in Section 2.3. The tests were also carried out on
the CSM NHT2 nanoindentation system using a spherical di-
amond tip with the radius of 20 um. The partial unloading
mode was applied®®! in the test, during which the maximum
load was not applied in a single loading segment. Instead,
repeated loading-unloading loops were performed with gradu-
ally increasing load to accomplish the entire loading process as
shown in Figs. 3(a) and 3(b). The unloading stiffness S can be
derived from each loading-unloading loop and is further used
to determine the stress and strain at each load value. The max-

imum load on the coated/uncoated silicon is 450 mN with 100
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loading-unloading cycles and 25 mN on the coated/uncoated
copper with 15 cycles since the copper has a much lower elas-
tic limit than the silicon. Five indentation repetitions were car-
ried out to obtain the average results. After indentation tests, a
scanning electron microscope (SEM, TESCAN LYRA3) and
a focused ion beam (FIB, TESCAN LYRA?3) were used to ob-
serve the top surface and cross-section of the indention dots to
confirm if there is any fracture or delamination in the coating
or substrate or at the coating/substrate interface.

500
(a)

400

300

200

Load (mN)

100

0
0 500

1000
Time (s)

1500 2000

30
(b)

25

20

15

10

Load (mN)

5

0
0 20 40 60 80 100 120 140 160
Time (s)

Fig. 3. Load evolution in partial unloading nanoindentation test: (a)
maximum 450 mN on silicon, (b) maximum 25 mN on copper.

4. Results and discussion
4.1. Origin of weakening effect

The von Mises stress criterion was adopted in the plas-
tic yielding judgement in both uncoated and coated substrates.
FilmDoctor was used to calculate the maximum von Mises
stress inside the substrate material. In order to verify if Film-
Doctor’s calculation is accurate, the simulation results is com-
pared with classic Hertz solution and published finite element
method (FEM) simulation results,!>] which also focused on
the weakening effect. The comparison comes out that Film-
Doctor’s analytical simulation has good fits with the Hertz so-
lution and the published FEM results. Thus the simulation
results by FilmDoctor should be reliable. Table 1 gives the
typical calculation instance of material properties. In the cal-
culation, the coating thickness is 2 pm and the substrate thick-
ness is 100 um to eliminate possible influence from the bottom
support. When the von Mises stress exceeds the substrate’s
yielding strength, the plastic deformation occurs and the cor-
responding load is marked as the critical load .

Table 1. Input material properties for calculation.

Substrate Coating  Contact ball
Young’s modulus £ (GPa) 100 200 1140
Yielding strength Y (MPa) 200 -
Poisson’s ratio v 0.3 0.3 0.07
Thickness or Radius (um)  Semi-infinite 2 1000

z (pm)

-8 0 8
@ (pm)

1.73 (MPa)  163.90

«
interface

-10 0 10
z (pm)

1.54 (MPa)  383.90

Fig. 4. The von Mises stress distribution for (a) the uncoated substrate
and (b) the coated system.

The calculated P. of the uncoated and coated substrate is
17 and 9.5 mN respectively, indicating the presence of weak-
ening effect. Figures 4(a) and 4(b) show the von Mises stress
distribution in uncoated and coated cases at the same load
P = 9.5 mN. Overall, the von Mises stress is continuous in the
uncoated substrate. Since the applied load (9.5 mN) is below
the yielding critical load (16 mN) of the uncoated substrate,
the maximum stress (163.9 MPa) is still within the elastic limit
(200 MPa). The maximum stress is located in the subsurface,
which is in accordance with the Hertz theory. By contrast, the
von Mises stress is discontinuous at the coating/substrate inter-
face in the coated system. The maximum stress (383.9 MPa)
is located at the interface inside the coating. Since the PVD
coating is much harder than the substrate material, such mild
stress cannot initiate plastic yielding in the coating material.
However, the von Mises stress in the substrate just reaches the
yielding strength (200 MPa) along the interface inside the sub-
strate. Thus the hard coating does not efficiently protect the
substrate from plastic yielding and even introduces a weaken-
ing effect of loading bearing capacity.

Figure 5 shows the principle stress along the depth at the
position of symmetry axis. Notice that along the symmetry
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axis the shear stresses are all zero (T, = T,; = Ty, = 0), so the
principle stress equals the corresponding normal stress, i.e.,
0, = 01 and 0y = 0, = 0 = 03. Under the above conditions,
the calculation of von Mises stress can be reduced to the fol-
lowing equation Oyon = |0 — 02| = |0; — Oy|. In the uncoated
substrate, Oy, 0y and o, are continuous and negative, indicat-
ing the substrate are in compressive stress state. In contrast,
in the coated substrate system, oy and oy, are discontinuous at
the coating/substrate interface while the o, remains continu-
ous. In the substrate close to the interface, the o, increases
from —50 MPa without coating to —30 MPa with coating,
while the o, decreases from —210 MPa to —230 MPa. The
opposite trend leads to larger gap between oy and o, in the
coating/substrate system compared to the uncoated substrate.
As discussed above, the calculation of von Mises stress can be
simplified to the difference between o, and o, thus the von
Mises magnifies in the coating/substrate system.

200
100

-

-2
-

Stress (MPa)

--=uncoated
— coated

00y s 4 s 6 7

z axis (pm)

Fig. 5. Principle stress distribution along the z axis

To further explore the reason of stress growth in the
coated system, Figs. 6 and 7 show the normal displacement
and strain along the z axis. The normal displacement along the
z axis in coated system is continuous at the coating/substrate
interface. This is due to the well-bonding between coating and
substrate, so the displacement is compatibility at the interface.
There is a significant inflection of normal displacement at the
interface as shown in Fig. 6, so the differential coefficient of
displacement, namely the normal strain should be discontin-
uous at the interface. The result in Fig. 7 coincides with the
deduction, the normal strain is discontinuous at the interface.
According to the generalized Hooke law, the relation between
stress and strain is as follows:

1
g = E[szv(Gercy)]. (10)

Equation (10) can be further converted to the following ex-
pression:

1
O'XZGyZE(O'Z—ESZ). (11)
According to Eq. (11), with the decrease of &, the ten-
dency of oy is rising. Indeed, Figs. 5 and 7 demonstrate the

€, decreases and o, increases in the coated system. Since the

principal stress o, is positive, the increasing o, means that
the principal stress becomes more tensile. Meanwhile, when a
hard coating/substrate system is contacted by an indenter, the
contact area is smaller than the uncoated substrate and this will
cause the principal stress 0, more compressive. This means
that the algebraic value of o, decreases. The opposite change
tendency of o, and o; causes the rise of von Mises stress as
shown in Fig. 5. It is worth noting that in Eq. (11) o; also
has a function on the value of o,. In the coated system, the
decreasing o, could counteract the decreasing €, and further
influences the weakening effect. Thus the influencing factors
of weakening effect are complex and will be discussed in detail
in Subsection 4.2. Note that weakening effect is caused by the
additional stress at the coating/substrate interface under con-
tact force. Different coating technology would not have signif-
icant effect on the weakening effect. Whenever the coating’s
modulus is higher than the substrate and the coating thickness
is inappropriate designed, the weakening effect could exist.

18
g 16
E T
o 14 Sso
g
g 12
3
< 10
& ---uncoated -
o 8 -,
A —— coated
6
0 1 2 3 4 5
z axis (pm)
Fig. 6. Normal displacement along the z axis.
0 -==uncoated
—— coated
—0.004
=)
e
-
be]
0 —0.008
o012 77

z axis (pm)

Fig. 7. Normal strain &; along the z axis.

4.2. Influencing factors of weakening effect

The calculation of P. requires the dimensional input of
specific material properties, such as elastic modulus, yielding
strength and coating thickness. In order to acquire the univer-
sal dimensionless solution of weakening effect, a wide range
of material properties are taken into consideration. The ra-
dius R of the spherical diamond tip is set to be 100 pm. The
coating thickness ¢ varies from 0.1 to 10 pum, yielding the di-
mensionless ¢ /R ratio in the range of 0.001 <¢/R <0.1. The
elastic moduli of the coating and substrate vary in the range
300 < E¢, < 800 GPa and 100 < Eg, < 600 GPa. The yielding

038104-5



Chin. Phys. B  Vol. 30, No. 3 (2021) 038104

strength of the substrate varies in the range 0.3 <Y, < 1 GPa.
The coating material is assumed to be purely elastic in this
study to simplify the calculation. Poisson’s ratio of both coat-
ing and substrate is set to be 0.3, which has neglected the effect
on the calculation results.

As shown in Table 2, eight typical substrate and coat-
ing combinations were selected to demonstrate the influencing
factors of weakening effect. The calculation were carried out
by FilmDoctor and the results are shown in Fig. 8. In Figs. 8(a)
and 8(b), the curves labeled with 1-4 and 5-8 are correspond-
ing to the parameters 1-4 and 5-8 in Table 2, respectively. The
x axis in Fig. 8 is the dimensionless coating thickness (z/R),
namely the ratio between coating thickness (¢) and radius (R)
of the counterpart. The y axis (F) is the dimensionless critical
load of plastic yielding, which is the ratio between the critical
load of coated system (P sys) and uncoated substrate (P sup),
namely Fe = P _sys /Pe_sub- When P is below 1, the coated sys-
tem has a less resistance to plastic yielding compared to the
uncoated substrate, so the weakening effect exists. In reverse,
when/F, is above 1, the weakening effect vanishes and turns to
a strengthening effect. Figure 8 shows that with the increas-
ing coating thickness (¢/R), the critical load P. decreases at
the early stage and then increases. The minimum P, signifies
a poor design of coating thickness and the weakening effect is
most severe at such a coating thickness. Therefore, the mini-
mum P, is marked as P _w and the corresponding dimension-
less coating thickness is marked as (#/R)mw. With the increas-
ing of coating thickness, P, goes beyond 1, so the weakening
effect vanishes and transfers to strengthening effect. Thus the
coating thickness at the transferring point is marked as (¢/R).

Table 2. Mechanical properties of coating/substrate combinations.

1 2 3 4 5 6 7 8
E., (GPa) 400 400 400 400 800 800 800 800
Eqp (GPa) 200 200 200 200 200 200 200 200
Yo (GPa) 04 0.6 0.8 1.0 04 0.6 0.8 1.0
Pegp (mN) 041 138 338 640 041 138 338 6.40

Figure 8(a) shows that P,y in combinations 1-4 are
identical and the value is about 0.64, which means that the
coated system’s threshold to plastic yielding is 36% lower than
the uncoated substrate. Similarly, the P, , values in Fig. 8(b)
are also identical to each other, i.e., about 0.5. Therefore, the
P mw is determined by the elastic modulus mismatch between

(t/R)r = {

0.8374 + (Eco/Esub — 1)%193%] (Yaun / Esub )
(0.02026 — 0.0005408 - Eco /Egup) Ysub/Esub),  Eco/Esup > 2.5.

coating and substrate, Eco/Esy,. The larger the modulus mis-
match is, the more severe the weakening effect may occur. By
simulating a series of E.,/Eg,, combinations, it is found that
the relation between P, mw and Eco/Egp can be summarized
in the following equation:

0.4614

P, =02884+ ———"-——. 12
c-mw + Eco/Eguy —0.356 (12
In a similar way, (t/R)mw can be expressed as follows:
1
(t/R)mw = (13)

(Eub/Ysub) (Eco/ Esup) 02528

Equation (13) shows that (¢/R)mw decreases as Eco/Egyp in-
The (#/R)mw represents the dimensionless coat-
ing thickness corresponding to the most-weakening effect.
Therefore the worst coating thickness becomes smaller when
Eco/Egub increases.

creases.

0
—E/Y=200 (a)
o5 =E/Y=250 1
2 E/Y=330
- E/Y=1500

2.0
1.5

1.0mgo=-=—4--=F-=

weakening effect line

0.5
0 0.004 0.008 0.012 0.016 0.020
Dimensionless thickness t/R
3.0
~E/Y=200 (b)

o5 ~E/Y=250
2w E/Y=330
- E/Y=500

5 6 7

2.0

Dimensionless critical load P, Dimensionless critical load P,

1.5
1.0mg === o
0.5
weakening effect line
00 0.004 0.008 0.012 0.016

Dimensionless thickness t/R

Fig. 8. Relation between P and (¢ /R) in different coating/substrate sys-
tems: (a) Eco/Esub = 2, (b) Eco/Esup = 4.

Similarly, the transition thickness (¢/R)T from weakening
effect to strengthening effect can be expressed in the following
equation:

Eco/Esub < 2.5, (14)

Equation (14) shows that (f/R) is determined by both Ec,/Esyp and Ysub/Esub, yet Ysub/Esup has a much more significant effect

than Eco/Egyp.

Using Egs. (12)—(14), the critical coating thickness (¢/R)T, the most weakening effect P, n and the corresponding coating
thickness (#/R)mw in any given coating/substrate system can be easily calculated to guide the design of a coating system.
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4.3. Indentation stress-strain curves

Table 3 shows the mechanical properties and surface
roughness of the samples. The W coating is harder and more
rigid than silicon and copper substrates. Using FilmDoctor, it
is confirmed that 700 nm W coating on silicon and 600 nm W
coating on copper both have weakening effect. The silicon,
copper and W coating are nanometer scale smooth, which is
suitable for performing nanoindentation tests.

Table 3. Properties of the samples.

Silicon substrate Copper substrate W coating

Nanohardness (GPa) 12.6 1.4 19.9
Young’s modulus (MPa) 172.7 113.1 262.2
Roughness (nm) 2 17 11

Using partial unloading nanoindentation test as described
in Subsection 3.3, stress-strain test results are illustrated in
Figs. 9(a)-9(d). The tests on uncoated silicon wafer have a
good repeatability since the wafer surface is nanometer level
smooth. The curves in Fig. 9(a) does not start from the coor-
dinate origin since a certain stress and strain have been gen-
erated at the first indentation point. The red dotted line in
Fig. 9(a) is obtained by extending the linear relation of the
stress-strain curve from the coordinate origin as a reference
line. The spherical indentation induced plastic deformation
in monocrystalline silicon is not as obvious as that in metal
tensile test since the stress field produced by spherical inden-
tation is unique.> The maximum von Mises stress beneath
spherical indenter is located in the subsurface instead of the
top surface. Thus the plastic zone is fully surrounded by the

10000

(a)
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Stress (MPa)

2000 -7

0.16

0.08
Strain

0.12

Stress (MPa)
®
S
=

0.04 0.06 0.08

Strain

0 0.02

0.10

elastic zone, which has a limited influence on the stress-strain
curve. With the increasing loading force, the plastic zone grad-
ually expands and stress-strain relationship gradually deviates
from the linear relationship. It is worth noting that the plas-
tic deformation in silicon is caused by phase transformation
rather than dislocation slip. The crystalline silicon can trans-
fer to amorphous silicon under certain contact stress. Since
the amorphous silicon is less rigid than the crystalline sili-
con and thus exhibits a similar plastic yielding phenomenon in
the stress-strain curve. In the uncoated wafer, when the strain
value exceeds 0.1 (the corresponding load is about 120 mN),
the stress-strain curve shows certain plasticity. In Fig. 9(b), the
repeatability of tests on coated silicon is slightly lower, which
may be caused by the higher surface roughness of the coated
sample. There is a linear relationship between stress and strain
at the beginning of the curves. When the strain value exceeds
0.08 (the corresponding loading force is about 100 mN), the
curves deviate from linear relationship.

Figures 9(c) and 9(d) show the stress-strain curves on
coated and uncoated copper. Since copper has a relatively
larger roughness and less homogeneity than silicon wafer, the
fluctuation in the stress-strain curves on copper is more obvi-
ous than silicon. Nevertheless, Figs. 9(c) and 9(d) show that
the uncoated and coated copper deviate from linear relation-
ship when the strain exceeds 0.025 (the corresponding loading
force is about 3.0 mN) and 0.02 (the corresponding loading
force is about 2.5 mN), respectively. Therefore the weakening

effect is also valid in the coated copper.

10000
(b)

8000

6000

4000

Stress (MPa)

2000 -

0.08
Strain

0.04 0.12

Stress (MPa)
o
S
S

0.04 0.06 0.08 0.10

Strain

0 0.02

Fig. 9. Nanoindentation stress-strain curves: (a) uncoated silicon, (b) coated silicon, (c) uncoated copper, (d) coated copper.

For further comparison, Fig. 10 illustrates the average re-
sults of the above stress-strain tests. In Fig. 10(a), when the

strain value is less than 0.08, the two curves are basically co-

incident. When the strain exceeds 0.08, the coated silicon
undergoes plastic deformation first, and the uncoated silicon

keeps elastic deformation until strain exceeds 0.10. The de-
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gree of plastic deformation in the coated silicon is more se-
vere than the uncoated silicon. Therefore the tungsten coated
silicon has a weakened threshold of plastic deformation than
the uncoated silicon, indicating the existence of weakening ef-
fect. In Fig. 10(b), the two curves deviate gradually when the
strain exceeds 0.01 and the dashed line is above the solid line
until strain exceeds 0.05, indicating the coated copper already
emerged mild plastic yielding at strain point of 0.01. Mean-
while, the solid line deviates from linear relation when strain
exceeds 0.02, indicating that the plastic deformation becomes
obvious in the coated copper at the strain point of 0.02. In
the uncoated copper, the corresponding point is around strain
point of 0.025. The above two phenomena once again indicate
that the weakening effect is valid in coated copper. Note that
the solid line exceeds the dashed line when the strain is over
0.05. This could be caused by the work hardening under se-
vere plastic deformation which is not the research focus in this
study.
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()
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2000 — coated

0 0.04 0.08 0.12 0.16
Strain
1400

1200
= 1000
800
600
400
200

Stress (MPa

---uncoated
— coated

0 0.02 0.04 0.06 0.08 0.10
Strain

Fig. 10. Average stress-strain curves: (a) coated and uncoated silicon,
(b) coated and uncoated copper.

In Fig. 11, SEM and FIB were applied to check the top
surface and cross section of the indentation dots to verify if
there is any fracture in the coating or debonding at the coat-
ing/substrate interface. In the SEM images, the coating and
substrate seem to be intact and free from obvious fractures.
The coating and substrate is also well bonded without obvious
delamination. Thus the fracture and delamination may have
negligible effect on the indentation tests. The weakening ef-
fect in the stress-strain curves should be caused by the plastic
yielding inception in the substrate.

SEM HV: 15.0 kV WD: 9,08 mm

SEM MAG: 10.0 ke Det: SE 5 pm

SEMMV: 150KV WD:21.18 mm

SEM MAG: 10.0 kx Det: SE 5y

SEM HV: 15.0 kV WD: 9.01 mm
SEM MAG: 16.0 kx Det: SE

Fig. 11. Top surface and cross-section SEM of nanoindentation dots: (a) top
surface of W coated silicon, (b) top surface of W coated copper, (c) cross
section of W coated silicon, (d) cross section of W coated copper.

5. Conclusions

The stress-strain curves of monocrystalline silicon wafers
and polished copper have been obtained using partial-

unloading spherical nanoindentation tests. The tungsten

coated silicon and copper demonstrate a weakening effect of
plastic yielding threshold compared with the uncoated sam-
ples. This may be the first direct validation of the weakening
effect in hard coating systems. The origin of weakening effect
is analyzed by stress simulation and the results indicate that
the modulus mismatch between coating and substrate could in-
duce extra stress in coating systems and cause the early plastic
yielding in coating systems. The dimensionless formula of in-
fluencing factors on weakening effect is induced by stress sim-
ulation and numerical fitting, which can theoretically guide the
optimization design of hard coating systems.
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