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ABSTRACT

Scratch tests were performed on thermal resistant hard Si-C-N coatings
deposited on steel (SS) 304, by RF (Radio frequency) magnetron sputtering.
The abrasion and wear properties were studied by analyzing the changing failure
complexion inside the scratch showing a mixture of ductile and brittle properties
The change in loading rate caused noticeable changes in the failure mode. The
plasticity was found to have a peripheral domination initially with increase in
load but was replaced by brittle failure on increasing the loading rate. The work
of adhesion and wear rate were determined.
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INTRODUCTION

Being initially discovered as a polymer derived ceramic, Si-C-N coatings have
been quite useful at high temperatures [1]. They act as barrier to high
temperature and chemical degrading effects of the environment, protecting the
substrate beneath [2, 3]. The presence of oxygen makes Si-C-N compatible with
structural components like stainless steel due to the formation of Si-O-CN phase
[4]. Protection against wear and abrasion is also one of the primary features of
any hard coating [5]. However, an increase in hardness in some cases may cause
embrittlement 1. e lower fracture toughness. Si-C-N coating has an edge over its
counterparts as it does not lose its fracture toughness property even after getting
sufficiently hard [6]. This attributes to the growth of very small crystallites in a
mostly amorphous matrix causing deflections in the direction of propagation of
any crack which might have generated [7]. The investigations on the fracture-
based properties of Si-C-N coatings have been performed mainly with static
indentations with the focus being kept on the stress distribution beneath the
indentation region [8-12]. Considering the nature of load a structural component
like stainless steel is exposed to, sliding indentations to analyse the fracture
taking place will reveal some significant aspects in congruence with the wear
and abrasion resistive properties. A similar study for nano scratch tests using a
Berkovich indenter has been done earlier which are more useful for
microelectronic devices [13]. The micro-scale approach has been presented
related to heavy duty usage like automobiles, aerospace, reactors etc.

MATERIALS & METHODS

Si-C-N coatings were deposited on SS 304 substrates by magnetron sputtering
(HHV, Bangalore, India) at 300°C at 400 W power and 1x 10~ mbar pressure in
Ar/N, atmosphere from SiC target on stainless steel (SS304). The sliding
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indents were carried out by Scratch Test Tr-101 (Ducom, Bangalore, India) that
used a Rockwell C indenter which is a 120° diamond cone with 0.2mm diameter
spherical tip. The scratch tests were done at rate of 20, 5 and 2 N/mm at a speed
of 0.2 mm/s. The critical load (L.) was determined from the point of change of
slope in the coefficient of friction vs. normal load, tractional force, and scratch
length curves. ImagelJ software was used to get profiles of the scratch tracks.

RESULTS & DISCUSSIONS

The load vs. scratch length and coefficient of friction (c.o.f) vs. normal load
curves obtained during tests on coatings placed on SS304 substrates for three
distinct loading rates are shown in Figs. 1-3. Three factors mainly contribute to
the scratching activity: (1) ploughing; (2) friction; and (3) stress. The increasing
ploughing of the sample by the tip with increasing normal load is related to the
constant increase in the coefficient of friction during scratching. The indentation
stress and the flow stress on the coating which are the major parameters of the
plough also increase with the increase in normal applied sliding load [14].
Coating removal occurs after coating failure, as evidenced by the shift in scratch
track in the micrograph, which shows piling ups at the borders of the scratch. In
the scratch test, the stress field is a mixture of Boussinesq (GBous) OWing to
indenter loading, which has two components, normal and tangential, and Blister
(oBlistery due to residual stress. The normal component of Bous is substituted with
Hanso's field (onans) in conical indenters, causing radial fissures. These primary
stresses are also related with shear components, as shown in eq 1a, b, where the
superscripts n, t, and r signify "normal", "tangential", and "residual". [15, 16].

_ t .
6=0" Hans + G ' Boust G " Blister (13-)

t=1" Hans T T t Boust T ' Blister (lb)

A complete brittle failure is evident from the formation of debris and spallation
occurring due to the interaction of the radial and lateral cracks. A matter of
deformation scale is evident from these observations as lowering the load
increases the probability of ductile fracture. An increased brittleness has been
reported to be indirect evidence of the lowering of adhesion [17]. The tractional
force curve Fig 1(a) shows a sudden and prominent slope change at 23N which
is the critical load (Lc) where adhesive failure with pess around 0.32 (Fig 1b)
[12]. Lc is related to the work of adhesion (W) as given in eq 2, where E is the
modulus, d. is the width of the scratch track at critical load and t is the thickness
of the coating. The nature of substrate also affects the adhesion as lower L. is
found for amorphous substrates and higher values for crystalline metal
substrates [18].
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The scratch track is shown in Fig 1c and the profiles of the regions marked are
shown in Fig 1d to h. The scratch width was found as 150 um. The coatings
were about 2.5um thick and having an elastic modulus of 220 GPa. The work
of adhesion using eq 2 comes out as 0.038 nJ/m?. The scratch track consisted
of high pile up of 250 um along the sides. As the indenter diameter was 200
mm, the cylindrical sides were involved in the scratching event causing the
pileup. The central groove in the scratch track was due to the plastic
deformation and showed pile up coming from the 304SS substrate beneath. The
pile up was about 75 pum from the track (Fig 1d). A change in the nature of the
track is clearly visible as marked by a square, where the central groove region
changed resembling a ductile to brittle transition. We can denote this point as
the region of initiation of fracture. The material loss in the mid regions showed
an increase as the scratching continued while the pile ups were comparatively
less (Fig 1 e, f). The delamination region of 60 um width and 75 pm height
gets merged with the piled-up segments. The ductile failure was dominant in
the initial stages of the scratch with a small central pileup region of 45 um (Fig
10). A sudden increase of about 12 um (Ah) due to material removal took and
can be used to find the wear rate. The specific wear rate WRs is given as eq 3a,
which is equivalent to eq 3b. The denominator can also be replaced by Rp
(A)?where Ry is the load rate (5N/mm) and Al is the scratch distance for which
the sudden change Ah occurred as shown in the Fig 1h.

WRS — Vollw?ie Lolss ( a)
Load . sliding distance
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A loading rate of 20 N/mm showed higher substrate influence evident from the
comparatively lower slopes of the tractional force curves during the scratching
process and formation of two critical loads (Fig 2a). The lower critical load
was 16 N while the upper critical load was 21 N. The dual critical loads are
evidence of higher percentage of ductile failure taking place not causing any
sudden change in material removal. The uess was also higher (0.44) as shown
in Fig 2b. The upper critical load of 21N was determined from intersection of
two tangents from the two regions.
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Fig 1: Scratch tests with SN/mm loading rate for steel substrates showing plots
of (a) Normal load and Tractional force vs stroke length, (b) C.O.F vs normal
load and (c)the optical micrograph of the scratch track (reproduced with
permission) [12] (d-h) profiles of the regions marked in (c).

The scratch track did not show any fracture process confined inside the scratch
track, rather Hertzian cracks can be seen at higher loads indicating cohesive
failure (Fig 2c) [12]. Formation of a sharp and narrow groove region
experiencing pile up can be seen from the profile (Fig 2d) accompanied by pile
ups as in the previous case. At higher loads, the central groove got replaced by
brittle failure as evident from the multiple peaks of similar height and width
(Fig 2e). The brittle failure got intensified as the multiple peaks started to
merge indicating coating removal. A height change of 20um for 8 mm was
found



The adhesive failure for the scratch in Fig 3a occurred at a critical load is 21 N
and 0.27 as uett (Fig 3b) for the lowest loading rate of 2N/mm. The central
scratch grove was observed all throughout the scratch length (Fig 3c) [12]. The
line profile however showed an increased central pile up with load with the
peak height increasing from 60 pm to 120 um without any significant change
in groove width (6 pum) (Fig 3d, f, g). No central groove was seen for a certain
portion of the scratch track which is most probably due to strain hardening (Fig
3e). No pile ups were found at the sides of the scratch track. Adhesive failure
occurred at a stroke length of 4 mm which is evident from the sudden rise in
the tractional force curve which also shows the release of stored elastic energy.
A summary of the observations made with the change in loading rate is given
in Table 1. The pile up has been represented as height to width ratio prior to
any adhesive failure in the peripheral region and in the central groove region.
Then RockwelL C indenter used has a spherical tip of diameter 200 pm.
Therefore, for a load of 23 N, the stress imposed will be 732 MPa and 669
MPa for the other two cases. The determination of wear shall therefore require
it different approaches for the different loading rates. For 2N/mm loading rate,
it will be the groove (h/w) aspect ratio x (oc) , which is equal to 0.0137
mm?/N. For the other two loading rates, both the groove and side pileup (h/w)
aspect ratios has been considered. The lowest wear rate was obtained for a
loading rate of 5N/mm.

Table 1. Effect of loading rate on the scratch track features

RL pile up Groove | L. Gc WRs _
(N/mm) | (h/w) (hiw) (N) (MPa) | x10%mm?/N) | Nature of Failure Special
features
2 nil 10 23 732 13.7 Mostly Strain hardening
Ductile
Fracture inside with pile
5 4.17 15 21 669 8.5 Ductile to Brittle up at the periphery
20 11.12 1.33 21 669 18.6 Ductile —Brittle-ductile | Hertzian cracks
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Fig 2: Scratch tests with 20N/mm loading rate for Silicon substrates showing
plots of (a) Normal load and Tractional force vs stroke length, (b) C.O.F vs
normal load and (c)the optical micrograph of the scratch track (reproduced
with permission) [12] (d-g) profile of the marked regions in (c)
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Fig 3: Scratch tests with 2N/mm loading rate for steel substrates showing
plots of (a) Normal load and Tractional force vs. stroke length, (b) C.O.F vs.
normal load and (c)the optical micrograph of the scratch track (reproduced
with permission) [12] (d-g) profile of the marked regions in (c)



CONCLUSIONS

Scratch tests were performed on Si-C-N hard coatings deposited in (SS) 304
stainless steel substrates. High plasticity was observed for a low rate of 2N/mm
with strain hardening. Although an initial increase in loading rate from 2 to
5N/mm made the failure more brittle inside the scratch track, with
disappearance of the central groove at higher loads and abrupt change in
material removal, plasticity was however still prevalent at the sides with high
amount of pile ups taking place. The nature of fracture went back to having an
overall higher ductility percentage at 20N/mm compared to SN/mm with
appearance of lower and upper critical loads The formation of Hertzian circular
cracks being typical for cohesive failure was observed only at 20N/mm. So, it
can be said that with increase in loading rate, the plasticity or ductility deviates
and moves to the peripheral region of the scratch tracks. A novel way of
determination of specific wear rate through scratch tests was also presented. The
lowest wear rate was obtained for SN/mm loading. Also. the coating should be
developed and subjected to external loads in such a way that its ductile and
brittle features are co-existent for improved fracture and wear resistance.
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