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ABSTRACT

A new deformation-wear transition map of hydrogen-free amorphous carbon coating (commonly known
as Diamond-Like Carbon (DLC) coating) on tungsten high speed steel (SKH2) substrate under cyclicimpact
loading has been proposed to clarify the interactions of the operating parameters, deformation and wear.
The study was carried out using an impact tester, under lubricated conditions over a wide range of impact
cycles, and applied normal loads. SKH2 discs were coated with thin DLC films using a Physical Vapor
Deposition (PVD) method. Tungsten (W) was used as an interlayer material. The DLC coated disc was
impacted repeatedly by a chromium molybdenum steel (SCM420) pin. All impact tests were conducted
at room temperature. It has been suggested that the deformation-wear transition map is an easy way
to illustrate the impact wear mechanisms of DLC coating, as shown by its transition zones. Initially, the
DLC coating only follows the plastic deformation of the substrate until several impact cycles. Then, a
suppression of plastic deformation of the substrate is taking place due to the decreasing contact pressure
with impact cycles to the yield point. Wear of the DLC coating becomes dominant when the critical limit
of maximum normal impact load and impact cycles is exceeded. From experimental observations, some

degradation of the DLC coating occurs within the wear zone.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

DLC has attracted great attention for many applications due to
its tremendous properties, such as high hardness, thermal stability,
low friction coefficient, and good chemical inertness. Furthermore,
the DLC film showed an excellent wear resistance in dry and water-
or oil-lubricated conditions [1]. The use of DLC coating, on the
impact surfaces of components, provides high levels of protection
against surface damage.

The concept of a ‘wear map’ was first discussed by Tabor [2],
and was inspired by the pioneering work of Frost [3] on ‘defor-
mation maps’. The development of deformation-wear transition
map is a useful way to study and predict the transition of deforma-
tion to wear of one material impacting against another at different
loads and cycles. Furthermore, the locations of the transition zones
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within the operating parameters are important, in order to design
engineer less component failures occurring prematurely.

Generally, the construction of transition maps follows two
routes [4,5]. One is empirical: data from experiments are plotted on
suitable axes and identified by wear rate or observation and bound-
aries are drawn to separate classes of behavior. The other route is
that of physical modeling: model-based equations, describing the
wear rate caused by each mechanism, are combined to give a map
showing the total rate, and the field of dominance of each. However,
only the empirical approach is used in this study.

The wear transition maps specific to certain materials, such as
ceramics [6], grey cast iron [7], magnesium alloy [8], brass alloy
[9], silicon nitrite [10], have been developed extensively for a
decade. All the transition maps, which appear in the above studies,
were constructed using either a physical modeling or an empirical
approach based on the sliding test data. However, in this century,
there is still no development of deformation-wear transition map
of the DLC coating under cyclicimpact loading. Therefore, the aim of
this study is to propose a new deformation-wear transition map of
DLC coating based on variations of maximum normal impact loads
and impact cycles. After a short description of the impact test used
in this study, the construction of the deformation-wear transition
map will be presented using experimental data and observations.
The transition map of DLC coating, under cyclic impact loading,
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tends to focus on the description of its impact wear mechanisms
and the transition between them.

2. Experimental method
2.1. Materials

The SKH2 disc was used as a substrate, whilst SCM420 pin was
used as an impactor. The diameter of the disc and the pin were
10mm and 2 mm, respectively (as shown in Fig. 1). All DLC films
were deposited onto the SKH2 substrate using a PVD method,;
where W was used as an interlayer material. The film thickness h.
is approximately 2.97 wm. The average surface roughness R, of the
as-deposited DLC coating is approximately 18.63 nm, which was
measured by Atomic Force Microscopy (AFM). Material properties
are listed in Table 1.

2.2. Impact testing

The impact test was performed using two self-developed impact
testers, as shown in Fig. 2. The horizontal impact tester was used
for more than 102 impact cycles, with a frequency of 10Hz; and a
drop-weight impact tester was used for the low impact cycles.

The impact test rig was designed to impact a DLC coated disc
with a SCM420 pin for numerous impacts. Prior to the impact test,
both disc and pin were cleaned using acetone in an ultrasonic bath.
The DLC coated disc was repeatedly impacted at a 90° inclination
at room temperature. Several different maximum normal impact
loads were applied to the DLC coated disc via a spring system for the
horizontal impact tester. Meanwhile, the maximum normal impact
load of the drop-weight impact tester could be increased by adding
an impactor mass m. It has been reported that the impactor mass
does not significantly affect impact performances (deformation and
wear) [11,12]. The applied load was observed by a load cell.

The surface morphology of the affected area on the DLC coat-
ing, as well as on the counterpart material, was observed by AFM,
Field Emission Scanning Electron Microscopy (FE-SEM), and Energy
Dispersive X-ray Spectroscopy (EDS). In addition, the Focused lon

SKH2
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Fig. 1. Dimensions of the DLC coated disc and the SCM420 pin.

Table 1

Material properties of the DLC, SKH2 substrate and SCM420 pin.
Properties DLC SKH2 SCM420
Young modulus, E (GPa) 251 378 295
Poisson’s ratio, v 0.3 0.3 0.3
Hardness, H (GPa)? 17.14 9.80 7.43
Yield strength, Y (GPa)® 6.12 3.50 2.65

2 From the nanoindentation test.
b y=H/2.8.
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Fig. 2. Schematic illustration of the impact tester: (a) horizontal impact tester and
(b) drop-weight impact tester.

Beam (FIB) was used to mill the tested sample, in order to examine
the cross section of the DLC coating on the SKH2 substrate.

2.3. Residual impact crater volume/depth

The raw data collected included the measurements of the resid-
ual impact crater volume and its depth/radius. The depth h, and
radius a; of the residual impact crater of the DLC coating were mea-
sured directly from a cross-sectional AFM topography image. The
cross-sectional image, parallel to the y-axis, was taken at the center
of impact crater, as shown in Fig. 3. In order to calculate the residual
impact crater volume, raw data from the AFM was exported to Orig-
inPro 8.1. An illustration of how the residual impact crater volume
was calculated is shown in Fig. 3. The raw data of x-axis were dis-
crete to n cross-sections with the thickness of Ax. The surface area A
of each cross-section was determined using the integration method
function in OriginPro 8.1. The residual impact crater volume V; is
determined using the following equation:

n-1

Vi = Z(A x AX); (1)

j=1
2.4. Transition of contact pressure

In this present paper, the loading conditions are beyond the
elastic limit. Therefore, Hertz’'s contact calculation theory is not
strictly applicable. However, Hertz’'s calculation was applied using
the following assumption as one index of contact pressure [13]:
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Fig. 3. (a) Discretions of x-axis of an impact crater to n cross sections, with the thickness of Ax and (b) determination of each surface area (A-A cross section) using the

integration function in OriginPro 8.1.

(a) Contact condition is assumed to be point contact.
(b) The major (y) axis and minor (x) axis of the residual contact
radius, obtained experimentally from each impact cycle, is used.

Mean contact pressure pmean for i impact cycles is calculated by
using the following equation [14]:

F

”(a”‘a’y)i

(2)

Pmean,i =

where F; is the maximum normal impact load, a;y and a;x are the
residual radii of the major and minor axes, respectively.
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2.5. Wear measurements

In order to determine the wear depth of the DLC coating, its
cross section on the SKH2 substrate was prepared using a FIB and
observed by FE-SEM, as shown in Fig. 4. The tested sample was
milled along the centre of the impact crater of the major axis. From
Fig. 5, itis assumed that the wear depth h,, (measured from the FIB-
milled cross-sectional image) is constant throughout the contact
surface, and thus
hp = hy — hw (3)
where hj is the plastic deformation depth and h; is the residual
depth of impact crater.
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Fig. 4. FE-SEM cross-sectional view of the FIB-milled DLC coating on the SKH2 substrate (tilted at 60°), where hgoc1 is the non-impacted film thickness, and hgoc is the
impacted film thickness. The equations at the top right are for the wear depth h,, calculation.
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Fig. 5. Schematic illustration of the wear depth h,,.

2.6. Construction of the deformation-wear transition map

In this study, the construction of the deformation-wear transi-
tion map is a combination of procedures by Ashby and Lim [5] and
Shu and Shen [6].

No universal deformation-wear transition map exists, because
the controlling variables differ from mechanism to mechanism.
Therefore, suitable axes of the map have to be decided. In this study,
the appropriate axes are determined to be the maximum normal
impact load F; and the impact cycles N. These variables were cho-
sen for two reasons: firstly, they directly determine the residual
impact crater volume and secondly, they are under the control of
the operator, and easily measured.

All data points of the residual impact crater volume V, are
plotted as functions of F, and N, as shown in Fig. 6. Some inter-
polations and extrapolations are needed to obtain an evenly
distributed data set. Then, the locations of both load- and impact
cycle-dependent deformation-wear transitions, are identified by
experimental observations and data trend analysis. Arrows indicate
the onset of these variable-dependent deformation-wear transi-
tions. The best fitting curves connecting all of the transition points
are then traced and illustrated in the graph of F, vs. N, as shown
in Fig. 7. These curves represent the deformation-wear transition
boundary of the impacted DLC coating.

3. Results and discussion
3.1. Deformation-wear transition map

The maximum normal impact load and impact cycles are both
important parameters and either variable can induce a transition
from deformation to wear of DLC coating, as shown in Fig. 6.
Therefore, a deformation-wear transition map was generated by
simultaneously varying the maximum normal impact load and
impact cycles, which revealed this transition very well.

Besides, the impact wear mechanisms of the DLC coating can
easily be shown by its transition zones on the deformation-wear
transition map, as shown in Fig. 7. Three zones were identified:

(a) The plastic deformation of the substrate zone, where the resid-
ual impact crater volume changes with the maximum normal
impact load and impact cycles. As demonstrated in previous
experiment [12], the deformation of an elastic-perfect plastic
substrate should not be altered by the presence of a thin film,
which itself simply follows the deformation of the substrate at
the interface. The strain in the film is governed by the surface
strain of the substrate. Furthermore, Fig. 8 clearly shows that
almost no wear is observed at 70 and 160N of the maximum
normal impact load. In addition, the wear depth is almost zero
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Fig. 6. Residual impact crater volume of the impacted DLC coating, plotted as a
function of (a) maximum normal impact load and (b) impact cycles. (Arrows indicate
the onset of load/cycle-dependent deformation-wear transitions.)

at 200 and 240 N under low impact cycles. This therefore reveals
that only plastic deformation of the substrate has occurred.
(b) Suppression of plastic deformation of the substrate zone, where
the residual impact crater volume remains constant with the
impact cycles. This is due to the decreasing contact pressure
with impact cycles to the yield point, as shown in Fig. 9. As the
number of impact cycles is increased, the contact area spreads.
Additionally, this experiment was under the constant maxi-
mum normal impact load for each impact cycle, and therefore,
the contact pressure is decreased. In this zone, the deformation
of substrate is most likely to undergo an elastic deformation
if the contact pressure is almost or below its yield point. By
increasing the maximum normal impact load, the suppression
of plastic deformation of the substrate taking place, is faster. At
240 N of maximum normal impact load, the plastic deformation
of the substrate is suppressed after 10! impact cycles, because
the contact pressure starts to approach the yield point, as shown
in Fig. 9. However, the plastic deformation of the substrate at
160N starts to suppress after 102 impact cycles for the same
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reason. The predicted boundary, shown in Fig. 7, is illustrated
based on the contact pressure approaching the yield point.

(c) Wear of the DLC coating zone, where the residual impact crater
volume increases rapidly/radically with the maximum normal
impact load and impact cycles. A critical maximum normal
impact load and a critical impact cycle exists that will precipi-
tate the wear transition of the DLC coating. Moreover, at those
critical impact loads and impact cycles, wear gradually rises
as material is worn away. Fig. 8 shows that no wear occurs if
the maximum normal impact load is very small, but a wear
transition occurs (due to the impact cycles) when the maxi-
mum normal impact load reaches above 160 N. Generally, the
presence of a transfer layer on the counterpart material after
repeated impacts modifies the tribological contact from that of
SCM420/DLC to DLC/DLC; and a significant temperature may
result at the contact point due to the low thermal conductiv-
ity of DLC, thus promoting graphitization. In addition, interface
failures can be found, where the coating loses adhesion to the
substrate due to both shear and tensile stress [15]. Cracks may
start from defects at the interface and sometimes cause catas-
trophic failure with delamination of rather big flakes of the
coating. If the load is high enough, cohesive failures and fatigue
can also be found [15]. The cohesive failures normally con-
sist of a continuous removal of the coating, starting from the
middle of the spherical calotte. The fatigue occurs due to peri-
odical stress loads and shows micro-cracks within the coating.
Consequently, the increase in wear, as the maximum normal
impact load and impact cycles is increased, may be due to the
combination of graphitization and cracking from cyclic impact
loading. This is in agreement with this study, where some degra-
dation of the DLC coating, such as crack propagation of the film,
phase transformation, and a tribochemical reaction of the wear
debris/transfer layer, was observed. In addition, the formation
of a transfer layer on the affected area of the counterpart mate-
rial was also observed experimentally in this zone. Details about
this wear will be briefly discussed in Section 3.2.

3.2. Degradation of DLC coating within the wear zone
3.2.1. Crack propagation

As the thin hard coating fully transmits the impact generated
stress field to the ductile substrate, the substrate undergoes a large

240 N

'10% cycles DLC film

Radial crack —_

Fig. 10. The FE-SEM cross-sectional view of the FIB-milled DLC coating on the SKH2
substrate shows radial crack formation in the impacted area of the DLC film after
104 impact cycles at 240 N.

SKH2 substrate
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Fig. 11. FE-SEM micrograph of the wear debris taken from the edge of impact crater.
The top-left micrograph is an impact crater.

plastic deformation (large indent depth) that the coating cannot
accommodate other than by developing a network of cracks. Radial
cracks can therefore be observed in the DLC film, as shown in
Fig. 10. This micrograph has been taken after 10% impact cycles
at 240N, using FE-SEM. Radial cracking is observed in the coating
below the impaction, which initiates from the coating/substrate
interface and propagates upwards into the coating. The main
reason for this is the low yield stress of the substrate, which
allowed plastic strain under the impactor; which the hard and
often brittle coating could not follow. To reduce the stress in the
coating, it starts to build a radial crack inside the coating. The radial
cracks observed in this study have also been identified in a study
on indentation and scratching [16]. Tensile stress concentrations at

As-received SCM420 pin
7 {G peak
1G=1548.2cm™! ' As-deposied
=} H .
<& o FWHMg=180cm"! 3 WDLC coating
> TToTTTTT !
§ 1G=1558.2 cm! Transferlayer
9 t FWHM=206.3 cm"! 40N 105cyc
ST et SRR SR R
| 1G=1564.2 cm™!
! FWHMg=152.6 cm™!
Fe;04pea a-Fe,0; peak
500 800 1100 1400 1700 2000

Raman shift, cm’!

Fig. 12. Raman spectrum of the wear debris and transfer layer after 10* and 10°
impact cycles at 240 N. The Raman spectrum of the as-received SCM420 pin and the
as-deposited DLC coating are for comparison.

the coating/substrate interface during loading have been identified
as a driving force that causes this type of crack [17,18].

3.2.2. Phase transformation and tribochemical reaction of wear
debris and transfer layer

The wear debris of the impacted DLC coating were only observed
on the edge of the impact craters, as shown in Fig. 11. In the case of
a continuous presence of oil lubricant, the generated debris com-
bined with oil, and removed progressively by its evacuation outside
of the impact craters. However, some of the wear debris transferred
to the counterpart material, as a transfer layer. The graphitization
of wear debris, as well as the transfer layer, is confirmed by the

Fig. 13. The EDS maps (within a small rectangle in the FE-SEM micrograph) of the transfer layer on the affected area of the SCM420 pin.
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Raman spectroscopy study [19]. From Fig. 12, the G peak of the wear
debris shifted to a higher frequency compared to the as-deposited
DLC coating. Therefore, this means that the sp? bonding fraction
increases, partial tetrahedral bonds have been broken, and have
transformed into trigonal bonds [20]. The decrease in the FWHMg
indicated the removal of a bond angle disorder and the increas-
ing dominance of crystallites [20]. From the analysis above, the sp2
coordinated carbon becomes gradually dominant and causes phase
transformation from sp3 to sp2, which would induce graphitization.

As for the transfer layer, the graphitization is expected to occur
since it mainly comes from the wear debris. This is confirmed as the
G peak is shifted to higher frequency than that of the as-deposited
DLC coating, as shown in Fig. 12. However, the widening of its
FWHMc, after 10° impact cycles at 240N, suggests that the size
of the larger sp? clusters is reduced due to the mechanical crush of
the larger sp? clusters.

In addition, the tribochemical reaction to the environment dur-
ing impact occurred at the mating material where the transfer layer
adhered; as well as in the wear debris [19]. This was due to the oxi-
dation of ferrum (Fe) to magnetite (Fe30,4) and hematite (a-Fe;03)
phases with a predominant peak at approximately 680cm~! and
1317 cm~!. The broad peak at about 1350cm~!, which is proba-
bly due to the disordered graphite (D peak), overlapped with the
a-Fe, 03 peak. Thus, the D peak is not clearly visible in Fig. 12.

3.2.3. Formation of the transfer layer

Under tribological conditions, the softer of the two materials
will usually be worn. In the case of DLC, this situation may be dif-
ferent since the wear of DLC, which has a graphitic nature, can be
deposited onto the partner surface, forming the so-called transfer
layer. The DLC then contacts against its own transfer layer and even
though it is the harder surface, only the DLC is worn at a very low
wear rate, whereas the softer partner surface will not be worn. The
EDS maps (as shown in Fig. 13) confirm that the DLC coating trans-
ferred to the counterpart material of SCM420 pin after 10° impact
cycles at 240N.

4. Conclusions

A new deformation-wear transition map of DLC coating has
been proposed using the test results to study of how individual
impact parameters such as maximum normal impact load and
impact cycles influence this transition.

The impact wear mechanisms of the DLC coating can easily be
shown by its transition zones on the deformation-wear transition
map. Three zones have been identified as follows:

(a) The plastic deformation of the substrate zone: the residual
impact crater volume increases with the maximum normal
impact load and impact cycles. Only the substrate is plastically
deformed. In addition, wear has not been observed in this zone.

(b) Suppression of plastic deformation of the substrate zone:
the residual impact crater volume remains constant with the
impact cycles and plastic deformation of the substrate no longer
appears. This is due to the decreasing contact pressure with
impact cycles to the yield point.

(c) Wear of the DLC coating zone: the residual impact crater volume
increases rapidly/radically with the maximum normal impact
load and impact cycles, due to material loss. The DLC coating
appears to approach a high degree of wear when the critical
limit of maximum normal impact load and impact cycles is
exceeded. This wear is associated with some degradation of the
DLC coating, such as the propagation of radial cracks in the DLC
film, phase transformation of the wear debris/transfer layer, and
its tribochemical reaction with the environment. In addition,
formation of a transfer layer on the counterpart material has
also been observed experimentally in this zone.
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