Effect of loading rate and coating thickness on wear and adhesion
during sliding indents of Si-C-N hard coatings deposited on glass
substrates
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ABSTRACT

Scratch tests were done on thermally resistant hard Si-C-N coatings developed
on glass substrates using magnetron sputtering. The change in loading rate and
coating thickness showed variation in adhesion strength and wear, The
Boussinesq, Hans and Blister stress distribution beneath the indenter had on
effect of the failure processes. Elastic recovery was prevalent in coatings of
higher thickness and higher rate of loading. The increased loading rate although
caused early failure but resulted in less wear.
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INTRODUCTION

Si-C-N coatings were initially developed as a polymer-derived ceramic and
have proven to be highly useful at high temperatures. [1]. They operate as a
barrier to the environment's high temperatures and chemical damaging effects,
preserving the substrate beneath. [2, 3]. Si-C-N coatings on glass substrates
have applications as optical devices, sensors [4-8] and even in the field of
endodontics [9]. An effect of substrate temperature on the adhesive strength of
Si-C-N on various substrates including glass has been previously reported [10].
An effect of loading rate on the ductile-brittle failure mode has been reported
[11].

In the scratch test, the stress field is a combination of Boussinesq (6Bous) from
indenter loading, which has two components, normal and tangential, and Blister
(Blister) from residual stress. The normal component of 6oy is substituted with
Hans field (onans) in conical indenters. These fundamental stresses are also
connected to shear components. [12, 13].

At the critical load (Lc), where adhesive failure occurs, the tractional force
curve exhibits a quick and noticeable slope change. [14]. In case of Rockwell
C, the initial contact being spherical, ogous is active, but gets replaced by GHans
as the scratch progresses. The ogiister ON the other hand is coating thickness
dependent. A higher coating thickness will lead to increase in its percentage
causing higher material removal (wear) post adhesive failure.

An attempt has been made in this communication to address the changing
loading rate (R.) in the sliding indentation (scratch) process and coating
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thickness (affecting residual stress) getting reflected in the adhesive failure and
wear of the technologically important hard coatings deposited on glass
substrates.

MATERIALS & METHODS

Magnetron sputtering (HHV, Bangalore, India) was used to deposit Si-C-N
coatings on glass substrates at in an Ar/N; environment from a SiC target.
Scratch Test Tr-101 (Ducom, Bangalore, India) was used to perform the sliding
indents, which used a Rockwell C indenter. The scratch tests were done at rate
of 5 and 2 N/mm at a speed of 0.2 mm/s. ImageJ software was used to get
profiles of the scratch tracks.

RESULTS & DISCUSSIONS

The normal applied ramping load and the responsive tractional force vs. scratch
length curves obtained during tests on coatings placed on glass substrates of
thickness 0.5 and 3.9 pm for 2N/mm and SN/mm loading rates are shown in
Figs. 1-4. A complete brittle failure is evident from absence of any slope of the
tractional force. The formation of debris and spallation occurring can be related
to the wear taking place during the scratching process. An increased and early
brittle failure is indirect evidence of poor adhesion [15].

In Fig 1 (a), the failure of the film starts at 0.5mm at a load of 7 N (lower
critical load) indicating cohesive failure. Considering the indenter diameter of
200 pm, the Boussinesq/ Hans stress is 159 MPa imposed by the indenter. The
coating breakdown becomes more and more severe with increase in normal
load evident from the rise in amplitude of vibration of the tractional force curve

Severe brittle failure accompanied by coating removal started at the upper
critical load (Lc) of 10 N evident from the high and low amplitudes of the
curve. The image of the scratch track showed brittle failure (Figlb). The
material removal can be quantified by means of the height x width percentage
(hw = 36) of the linear profile of the marked region. The specific wear rate WRs
is given as eq la, which is equivalent to eq 1b where t is the scratch length (5
mm). The value comes out as 3.6x10° mm?/N

WRS — Vol.ur.ne Lo.ss ( a)
Load . sliding distance
hw) t
WR, = "2 (1b)
L

The coating thickness of 0.5um contributes to the ogiiser. Tensile stress
promotes adhesive failure by chipping, whereas compressive stress aids in the
creation of fissures. A modified variation of Stoney's equation, as provided in
eq 2, can be utilized for coating substrate systems [16].
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h is the thickness of the whole film/substrate system, and t is the thickness of
the coating. The parameter D is the diameter of the coating when the shape is
circular, and it is set to 0.2 mm, which is the diameter of the spherical
Rockwell C indenter. The deposited layer had a thickness of 0.5 pm on a 1
mm thick Si substrate. As a result, h is taken to be 1 mm. The stiffness is
defined as 0.1 mN/nm (MN/m) divided by the value ofk, the spring constant.
The value of gg;5er 1s the surface stress which is about 300 MPa. These
stresses affect the nature of the failure. As the shear component of stress is
equally significant for the coating system, the parameter h on being replaced
by t only will provide Tgjister as 21MPa.

Fig 2a shows a lower critical load of 2.5 N (cohesive failure) and an upper
critical load of 8 N (adhesive failure) of 0.5 um coatings on glass for a lower
RL of 2N/mm. The scratch micrograph shows a sudden and brittle nature of
film failure. However, the failure amplitudes as observed in the tractional force
curve are less severe due to the lower loading rate of 2N/mm compared to
5N/mm in the previous case. A clear indication of adhesive failure can be seen
in the optical image of the scratch track (Fig 2b). The cross-section profile of
scratch track prior and post adhesive failure are given in Fig 2c, d respectively.
The specific wear rate (WRs) was 3.6 x10° mm?/N which was same as the
previous case of higher Ri.

An interesting observation however prevailed with the intensity of coating
delamination vertically getting reduced after an initial zone of enhanced
detachment as marked in Fig 2b. The reason behind this observation was the
strain energy being accumulated with the initiation of the scratch suddenly gets
released as the coating starts to fail and the rate of release saturates to some
extent thereafter.

The films showed an initial failure at 13N at a sliding distance of 1mm for a
loading rate of 2N/mm for coatings of higher thickness (3.9um) (Fig 3a). Film
failure by wedge spallation is seen (Fig 3b) after an adhesive critical load of
17N. The cross-sectional line profile showed a hw of 84 indicating high
material loss and wear rate of 163.8 x10° mm?/N

Increasing the R to 5N/mm showed a localized film failure where the groove
continued to exist even after an initial film failure (Fig 4a, b). The higher rate
of loading was able to cause an elastic recovery after the failure due to increase
coating thickness. Correspondingly, the wear was also less (58.5 x107
mm?/N). The main failed regions in the scratch track were surrounded
delaminated regions which were due to



w
o

N
ol
1

=
o

N
o
L

=
(5]
1

1 (@)

coatin

—— Normal Load
—— Trational Forc

g break-down

Normal Load &
Tractional force (N)

o
1

o
1

A

olishint
=,

i
i coating removal
1
1

0

1 2 3 4 5
Stroke Length (mm)

20 40 60

Fig 1: Scratch tests with SN/mm loading rate for glass substrates showing
plots of (a) Normal load and Tractional force vs. stroke length and (b) the
optical micrograph of the scratch track (c) line profile of the scratch track
showing material removal for a thickness of 0.5um [14]
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Fig 2: Scratch tests with 2N/mm loading rate for glass substrates showing
plots of (a) Normal load and Tractional force vs. stroke length and (b) the
optical micrograph of the scratch track showing adhesive failure at 8 N. (¢) line
profile of scratch track prior adhesive failure (d) post adhesive failure for
thickness of 0.5pum [14]
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Fig 3: Scratch with 2N/mm loading rate for glass substrates showing plots of (a) Normal

load and C.O.F vs. stroke length and (b) the optical micrograph of the scratch track
showing failure at 12 N (c¢) line profile of the scratch region for a thickness of 3.9 pm|[14]
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Fig 4: Scratch tests with SN/mm loading rate for glass substrates showing plots of (a)
Normal load and Tractional force vs. stroke length and (b) the optical micrograph of
the scratch track(c) linear profile of scratch track before failure (d) after first failure
and (e) after second failure for a thickness of 3.9um [14]



A summary of the observations made with the change in loading rate and coating
thickness is given in Table 1. Although thicker coatings showed higher Lc, they
experience more Wear after adhesive failure. An increased loading rate gave higher
critical load. An increased coating thickness showed more wear due to higher residual
stress. An elastic recovery was also more likely to occur in thicker films. Scratch tests
performed on bare glass substrates at 25N showed formation of Hertzian cracks with
diameter matching with the spherical indenter tip diameter (Fig 5a). The scratch
groove was also clearly observed. A catastrophic brittle failure was observed for 50 N
load (Fig 5b).

Table 1. Effect of loading rate and coating thickness

t(um) | Re Material | Lc1 Lco WRs
(N/mm) | loss (N) | (N) | x10°(mm?N)
(hw)
05 |2 36 25 |8 3.6
05 |5 36 10 |17 |36
39 |2 84 13 |17 | 1638
39 |5 75 18 |21 |585

Scratch groove

Fig S. Scratch test with 25 N load showing circular Hertzian cracks and (b) complete
brittle failure for SON load on bare glass substrate.

CONCLUSIONS

A mixed response of coating thickness and loading rate was shown. Higher
elastic recovery was observed with loading rate for coatings of higher thickness.
Wear or loss of material was more with lower rate of loading. The Boussinesq,
Blister (residual), and Hans (conical indenter) fields varied in different



conditions and manifested themselves into the different failure natures.
Although the increased loading rate resulted in early failure, it resulted in less
wear.
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