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bstract

nstrumented indentation, AFM (atomic force microscopy) and tribological studies were performed on PE CVD (Plasma Enhanced Chemical
apor Deposition) nanocomposite WC–C coatings to investigate the effects of surface roughness on the reliability of nanoindentation data and

he possibilities of different AFM modes in nanomechanical testing, which can be used as a feedback to optimize deposition technology from
he viewpoint of their mechanical properties. It was confirmed that surface roughness below 30 nm is necessary to keep the scatter of indentation
odulus, EIT, and hardness, HIT, below 15%. PF QNM (Peak Force Quantitative NanoMechanical) mode was successfully applied for qualitative
apping of the elastic modulus of coatings with the stiffness above 300 GPa. LFM (lateral force microscopy) mode showed only weak contrast and
uantitative measurements in both AFM modes require precise calibration. Coefficients of friction of the studied WC–C coatings were below 0.2 at
T, but increased to 0.7–0.8 at 450 ◦C due to the formation of a transfer film. Optimization of the deposition conditions based on nanoindentation

esulted in the increase of EIT from ∼220 GPa to 350 GPa and HIT from ∼17 GPa to ∼29 GPa.
 2012 Elsevier Ltd. All rights reserved.

eywords: A. Films; B. Nanocomposites; C. Hardness; C. Wear resistance; Elastic modulus mapping
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.  Introduction

The increase of the effectiveness of the cutting operations
uring metal machining is possible either by using for cutting
nserts materials with better mechanical properties or by
pplication of thin coatings, which provide sufficient increase
n mechanical properties of the whole insert. When coatings are
sed, their hardness is among the critical parameters affecting
he performance of cutting tools. Harder coatings enable higher
utting speeds, so there is a tendency to produce coatings as
ard as possible. The principal ways leading to higher hardness
nclude using intrinsically harder materials for the coatings,
ntroduction of high compressive stresses and/or nanocomposite
oatings. In the last case, nanocomposite coatings exhibit sub-

tantial hardness increase compared to the same coatings with
onventional structure due to size of grains embedded in the
morphous matrix so small, that dislocations cannot exist inside

∗ Corresponding author at: Institute of Materials Research of SAS, Watsonova
7, 040 01 Košice, Slovakia. Tel.: +421 55 7922461.
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he individual crystallites. The principles for obtaining the
uperhard (15–40 GPa) and ultrahard (>40 GPa) coatings were
uggested by Veprek for nanoparticles of TiC in the amorphous
ilicon nitride matrix coatings.1 However, the approach can be
pplied to many other systems. Diamond-like carbon coatings
s a part of amorphous (hydrogenated) carbon (a-C:H) coatings
xhibit high intrinsic hardness, low coefficients of friction
COF) and high wear resistance. Introduction of nanocrystalline

eC or MeNxC (Me = W, Ti, Cr, Zr, etc.) phase into amorphous
arbon matrix based on Veprek’s concept results in the additional
ncrease of hardness, adhesion, toughness and wear resistance of
uch composites while still retaining low friction coefficients.1–5

he properties are, obviously, controlled by the amorphous
atrix, nanocrystalline phase as well as by the ratio between

he content of nanocrystalline carbide phase and carbon-based
atrix. The increase of the content of graphitic carbon at the

xpense of MeC is expected to negatively reduce hardness on
ne side, but positively increase COF on the other side.

Hydrogenated WC/a-C:H coatings are usually prepared by

eactive magnetron sputtering of W or WC in Ar-hydrocarbon
lasma. The studies on non-hydrogenated nanocomposite
C/a-C coatings prepared by plasma enhanced CVD methods

http://www.sciencedirect.com/science/journal/09552219
dx.doi.org/10.1016/j.jeurceramsoc.2012.01.037
mailto:flofaj@imr.saske.sk
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PE CVD) are considerably less frequent. Some aspects of their
echanical properties were studied by Yang, Liu, Zeng, and

thers.3,4,6–8 Instrumented indentation technique used for the
easurement of hardness and elastic properties yielded hardness

ariations from 5 GPa up to superhardness with typical values
f around 15–20 GPa. Elastic modulus of such coatings covered
ide range from 120 GPa up to 400 GPa.8 The scatter results not
nly from coating structure variations but also from the influence
f substrate. The requirements of standard practice for correct
easurement on thin films from ISO 14577 – Part 4 are9:

the total penetration depth, h, is less than half of the coating
thickness;

 no cracking occurs;
 hardness of the coating is evaluated as a maximum or the

plateau that appears in the hardness – penetration depth curve;
 surface roughness, Ra < 5% hc (hc is the penetration depth);
 hc must be smaller than 10–15% of the film thickness to

prevent substrate influence.

The requirements can be satisfied when the indentation loads
re reduced to �N or even nN range depending on the thickness
nd stiffness of the studied coatings. New indentation modes
ere also developed. So-called “continuous multi-cycle” (CMC)
ode with several partial unloadings during continuous loading

o the maximum load provides information for the determina-
ion of hardness/indentation modulus – penetration depth curve
equired by the ISO standard. Sinusoidal loading mode is the
MC variation when small, but relatively high frequency load
scillations are applied over the main loading. This method gives
ot just hardness and indentation modulus evolution, but also
torage modulus and other parameters as a function of pene-
ration depth. The absolute values obtained from indentation

ethods are influenced by the indentation size effect (ISE),11–13

ffects of residual stresses,14,15 surface roughness,16,17, etc.,10

hich result in an excessive data scatter. Similar arguments are
alid also for the measurement of friction and wear properties
f the coatings (residual stresses and surface roughness increase
heir influence on friction under lower loads). The effect of
urface roughness on friction and hardness can be partially elim-
nated when these properties are measured at nano-scale, e.g.,
y atomic force microscopy (AFM).

The first AFM capable measuring friction forces and thus
odel the forces in single asperity contact was developed by
ate et al. in 1987.18 Further development based on the mea-

urement of torsional deflection of the cantilever during lateral
otion of a tip on the sample surface and its detection by means

f reflected laser beam by 4-segmented photodiod19,20 led to
ommercial “friction force microscopy” (FFM) and/or lateral
orce microscopy (LFM). These techniques enable simultane-
us measurements of surface topography and friction forces, so
hat the effect of surface roughness can be eliminated. However,
dhesion forces and other problems related to precise calibra-

ion make quantitative measurements of COF even with these

icroscopes rather difficult.21

Besides friction force visualization in AFM at nano-scale
evel, other modes such as “Force Modulation Microscopy”

w
s
m
D

ramic Society 32 (2012) 2043–2051

FMM) and “Peak Force Tapping” (PFT) can be used for map-
ing of the elastic properties. FMM uses contact mode imaging
uperimposed with a sinusoidal cantilever or sample oscilla-
ion small enough to keep the tip in contact with the sample.
t enables qualitative visualization of differences in mechani-
al properties from amplitude and phase shift of the cantilever
ovement compared to the driving oscillation. PFT uses direct

ast force distance curve acquisition by a large sinusoidal z-piezo
odulation, periodically contacting and separating the tip and

he sample. The z-movement is synchronized with lateral sam-
le scanning to ensure controlled maximum impact force down
o pN-level, which is used as the imaging setpoint. Additional
reatment of the realtime force–distance curves obtained during
ach cycle included in the so-called “Peak Force Quantitative
anoMechanical” (PF QNM) mode delivers simultaneously to

he topographic height a signal proportional to the elastic mod-
lus. It enables (when properly calibrated) even quantitative
easurements of elastic properties at a nanoscale level.22 How-

ver, PF QNM has been so far successfully applied only on
aterials with stiffness below 70 GPa, e.g., biological tissues

nd polymers.
The aims of this work include investigations of selected

echanical properties (elastic modulus, hardness and friction
ehavior) of thin PECVD nc-WC/a-C coatings at nanolevel by
eans of AFM, instrumented nanoindentation and at macro-

evel by conventional tribological testing. Special focus is put
n the determination of the influence of surface roughness on the
ncertainty of nanoindentation data and possibilities of different
FM modes in nanomechanical testing, which can be used as a

eedback to optimize PECVD technology from the viewpoint of
heir mechanical properties. Although the work is a part of larger
nvestigation oriented toward optimization of PE CVD WC–C
oatings, it is intentionally limited only to the nanoindentation
nd tribological behavior of the optimized coatings.

. Experimental  procedure

The studied nc-WC/a-C coatings were deposited on the set
f around 25 substrates with the diameter of 55 mm and thick-
ess of ∼3 mm made from tempered and annealed tool steel
STN 412050). At first, all substrate surfaces were ground flat
ith a diamond wheel. Two substrates were left as-ground and

he remaining were polished using 15 �m, 6 �m, 3 �m, and
 �m diamond slurries. One of the well-polished substrates was
ubsequently wet ground on #80 SiC paper, two on the 80/63
iamond disc and another two substrates on a polishing cloth
ith 15 �m diamond slurry to obtain substrates with different

evels of surface roughness. The rest of the substrates remained
s-polished. Surface roughness of all substrates was character-
zed using contact profilometer (model SJ 201, Mitotuyo) and
arameters including arithmetic average of absolute values, Ra,
verage distance between the highest peak and lowest valley,
z, and root mean square, Rq, from ten measurements. They

ere measured along ten lines 10 mm long and 1 mm apart. The

ame parameters and surface skewness, Rsk, were measured at
icro-scale on two 50 �m ×  50 �m images using AFM (model
imension Icon, Bruker Co., USA). They were automatically



F. Lofaj et al. / Journal of the European Ceramic Society 32 (2012) 2043–2051 2045

Fig. 1. AFM images of (a) steel substrates after polishing by 1 �m diamond slurry, (b) of the WC–C coating on the substrate after 1 �m polishing (spikes on the
image are the artifacts); (c) steel substrate after wet griding using 80/63 �m diamond disc, and (d) topography of WC–C coating deposited on the substrate after
8
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0/63 �m grinding.

alculated for ten 10 �m ×  10 �m areas arbitrarily distributed
n both images and then averaged.

PECVD WC/C coating with the thickness of around 500 nm
as been simultaneously deposited on the set of 7 substrates
ith controlled roughness. The deposition conditions were: total
ressure 3 Pa, current density 1 mA/cm2 and bias voltage −5 kV.
he remaining 18 substrates were coated under different condi-

ions used to maximize nanohardness and minimize coefficient
f friction. The main parameter changed during the optimiza-
ion process was total pressure while the current density and
ias, which were optimized during the earlier stage, were kept
onstant. The details of the optimization process are described
n our earlier works,23,24 exceed the scope of the paper. Surface
oughness of the coatings was determined in the same way as in
he case of substrates.

Static and dynamic lateral force microscopy was used to
isualize friction forces on the coating surfaces. Coefficients of

rictions (COF) were not determined due to absence of calibra-
ion. However, COF of the coatings were directly measured as a
unction of sliding distance at different sliding rates and at room

i
c

emperature, 100 ◦C and 450 ◦C in air and in flowing N2 using
igh temperature tribometer (model HTT, CSM, Switzerland)
ith the ball-on-disc method. The constant load of 0.5 N and

our sliding rates – 5 cm/s, 10 cm/s, 15 cm/s and 30 cm/s were
sed in the study. The counterface of the coatings was a 100Cr6
teel ball with the diameter of 6 mm. A new ball was used for
ach test. The wear areas on the balls were observed by scanning
lectron microscopy (SEM) combined with energy dispersive
-ray spectroscopy (EDX).
Instrumented hardness and indentation modulus of WC–C

oatings were measured with instrumented indentation appara-
us (model NHT, CSM, Switzerland) and Berkovich indenter
sing continuous stiffness measurement (CSM) method and
inusoidal loading (10 Hz) up to 10 mN load from at least 20
ndents. The values of indentation hardness and modulus of the
oatings were determined according to the ISO standard from
he peak in the corresponding depth profiles.
Additional visualization of the elastic modulus distribution
n the coatings was made in PF QNM mode using custom-made
antilever with extremely high spring constant (2000 N/m) and
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iamond tip as an AFM probe. Peak forces were held con-
tant in the low �N-range during acquisition of simultaneous
opographical and mechanical data.

.  Results

.1.  Surface  topography

AFM images in Fig. 1 illustrate the topography of the steel
ubstrates after polishing with 1 �m diamond slurry and 80/60
iamond disc and the corresponding WC–Co coatings. The
mages were used to evaluate surface characteristics by AFM.
he results of both contact profilometry and AFM are sum-
arized in Table 1. They include averaged values of surface

oughness, Ra, averaged distance between the highest peak and
owest valley, Rz, average root mean square, Rq, and in case
f AFM also average skewness, Rsk. Subsequent comparison of
roperty dependencies on these parameters revealed that Ra pro-
uces the most consistent behavior. Thus, only Ra dependencies
ere further considered. Ra range on the substrates is 24–570 nm

nd 3–304 nm, respectively. The corresponding values in the
oatings were 100–623 nm and 16–180 nm. Other parameters
ometimes exhibit significant variations. Note that values of sur-
ace roughness parameters from profilometery are usually higher
han from AFM. This is because the contact profilometry values
ere obtained from the areas of around 100 mm2 whereas AFM
ata are obtained from the area of only 1000 �m2. In later cases,
nly the zones without artifacts and anomalies were selected.

.2. Hardness  and  elastic  modulus

Depth profiles of indentation modulus of the studied WC/C
oatings were obtained using continuous stiffness measurement
ethod during instrumented indentation (Fig. 2). The depen-

ence of the elastic modulus on penetration depth exhibits a
eak at around 50 nm. This depth corresponds to approximately
0% of the coating thickness and satisfies the ISO 14577-4

equirement. The indentation modulus of the coating at the peak
osition, which corresponds to the coating properties without the
nfluence of the substrate, is approximately 235 ±  29 GPa. The
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the islands to the clusters of WC nanocrystals. The determina-
rea using contact profilometry.

orresponding hardness is around 15.8 ±  2.5 GPa.25 Because the
ateral size of the indent and the depth of penetration are con-
iderably larger than the size of the WC nanoparticles (around
0 nm), material can be considered as homogeneous at this scale
nd the above values as representatiove for the everage properties
f the coating.

Fig. 3a and b shows the variations of EIT of WC–C coating
s a function of average Ra from AFM and contact profilometry,
espectively. Despite some deviations, the values of indenta-
ion modulus oscillate within the studied Ra range at around
10–220 GPa regardless of the surface roughness and measure-
ent method. The scatter in the range 9–14% both in indentation
odulus and hardness at Ra < 30 nm increases up to 27–52%

n the surfaces with higher roughness levels.25 Thus, the accu-
acy of nanoindentation measurements of around 10–15% can
e expected in case of WC–C coatings deposited on the well-
olished substrates.

The nanoindentation measurements on such coatings
evealed that the modification of the deposition conditions has
trong effect on the resulting properties of WC–C coatings. The
ossibilities for the improvement of mechanical properties are
learly demonstrated in Fig. 4. Under the optimized deposition
onditions, indentation modulus reached 350 GPa and the

ardness over 28 GPa, which corresponds to more than 40%
ncrease (compared to the standard case in Fig. 2). It is well

t
n

ig. 4. The increase of the indentation modulus (a) and that of nanohardness (b)
ue to the optimization of the deposition conditions.

bove measurement uncertainty of 10%. The details of the
ptimization process were described earlier.23,26

.3.  Elastic  modulus  mapping

The results of quantitative nanomechanical measurements
ased on force–distance curves (PF QNM) recorded during soft
only elastic deformation under the tip occurs) tapping of the
urface, are demonstrated in Fig. 5. Surface topography image
n Fig. 5a is compared with the image of the elastic moduli
n the studied nanocomposite WC–C coating in Fig. 5b. Color
ontrast enhanced by additional image treatment suggests the
xistence of at least two phases with different elastic moduli:
ark (= softer) “grains” with the size up to 50–70 nm separated
y a thin continuous net of a brighter (= stiffer) phase. The modu-
us contrast was only visible at relatively low imaging forces and
anished at higher loads. The comparison of both images implies
hat the net is independent of surface topography, therefore it
eems to correspond to the amorphous carbon matrix phase and
ion of the absolute values of elastic moduli in different areas is
ot possible at this stage due to the absence of calibration.
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ig. 5. PF QNM image of the surface topography of the nanocomposite WC–C co

.4.  Friction

Fig. 6a shows the height image of WC–C coating deposited
n 1 �m polished substrate and Fig. 6b and c illustrates the
orresponding LFM images obtained during trace and retrace
ovement of the tip, respectively. The resulting LFM image
ithout the effect of surface topography is obtained as a dif-

erence between trace and retrace friction images (Fig. 6d).
ubtraction of the images doubles friction signal and eliminates

he effect of misalignment of a photodetector and laser.27

The obtained LFM contrast is rather low and the visible fea-
ures overlap with the topography of the surface. It suggests that
he differences in COF among different areas are very weak and
re related to surface morphology rather than to friction con-
rast. The exact determination of local COF was not possible up
o now due to lack of proper calibration.

In contrary to only qualitative LFM images at nanolevel,
ig. 7 shows quantitative evolution of the coefficient of fric-

ion under load of 500 mN as a function of sliding distance at
hree different rates. The running-in stage is very short and after
t, the values of COF stabilize within the range 0.11–0.17 almost
egardless of sliding rate – the variations of COF are within the
ange of repeatability.

Following dependence (Fig. 8) illustrates analogous curves
btained in different samples under the same sliding rate. Most
f the curves were below 0, although several samples exhibited
teep increase of COF up to ∼0.8 (not shown). The best coatings
ith reduced COF were around 0.11. Surface roughness had only
ery small and non-systematic influence on the measured COF
ehavior.

The difference among tribological behavior of WC–C at room
nd elevated temperatures is shown in Fig. 9. The increase of the

perating temperature only to 100 ◦C caused increase of COF
sually above 0.2 and up to 0.7–0.8 in the tests carried out at
50 ◦C. In contrast to room temperature behavior, significant

t
n
e
f

 (a) and of the corresponding relative elastic moduli (1 �m × 1 �m) distribution.

catter of the experimental data unrelated to surface topography
as typical for elevated temperatures. Interestingly, the neg-

igible effect of nitrogen atmosphere was found at 450 ◦C in
omparison with the conventional behavior in air.24,26

.  Discussion

The investigation of the influence of surface roughness on
lastic modulus and nanohardness of the studied PECVD nc-

C–C coatings shows that the correlation between Ra of the
ubstrates and coatings is not linear.25,28 The intrinsic rough-
ess of the coatings on the well polished substrates (Ra ∼ 20 nm)
as in the range of around 100 nm regardless of the substrate

oughness. When Ra of the substrates exceeded 100 nm, final
oughness of the coatings was determined by the substrate
oughness. The ISO standard requirement for the instrumented
ndentation at nano-loads is Ra < 5% of the indentation depth.
n case of 10% penetration depth into 500 nm thin films it
ould mean Ra < 3 nm. This is not fulfilled even in very fine
olished surfaces and results in the increase of experimental
catter. Fig. 3 confirms that the scatter of the elastic modulus is
elow 10–15% in the range of surface roughnesses determined
y intrinsic topography of the coating compared to the topog-
aphy controlled by the substrate roughness. Vice versa, scatter
ncreased up to unacceptable 50% at higher roughness values,
ut because the number of measurements was sufficiently high,
he average value remained the same regardless of the roughness.

The optimization of the deposition condition provides sub-
tantial increase of instrumented hardness and elastic modulus
f PE CVD WC–C coatings even when the measurement uncer-

ainty is taken into account (see Fig. 4). The contribution of
anostructure to hardness increase can be estimated in sev-
ral ways. The easiest is a comparison with the literature data
or the same coatings. Hardness of the commercially available
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Fig. 6. LFM images of WC–C coating on steel substrate polished with 1 �m diamon
(c) “trace” image and (d) enhanced LFM image obtained as a difference between trac
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Fig. 7. A comparison of friction behavior in the studied WC–C coatings at
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d slurry; (a) height image, (b) friction image during retrace movement of a tip,
e and retrace images.

C–C coatings with lamellar structure is in the range HV
000–2000 (∼9.5–19 GPa),29 which overlaps with the range
f properties measured in the current unoptimized coatings.
anocomposite structures resulting from optimization bring

round 40% hardness increases. Assuming that the high hard-
ess of the studied coatings originates solely from WC grains,
nother way is comparison with the maximum possible hard-
ess of bulk polycrystalline WC. Our previous measurements
n sintered bulk coarse-grained polycrystalline WC showed that
ts indentation modulus EIT is 410 ±  37 GPa and hardness is
5.2 ±  2.9 GPa.25,28 It is higher than in conventional WC–C
oatings due to absence of softer carbon. If the same maximum
alues can be obtained in WC–C coatings with conventional
tructure, the excess in properties above that level would result

rom their nanocomposite structure. Simple estimation suggests
hat the nanocomposite effect is around 14%, which is close
o the measurement error. The improvement is relatively small
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ig. 8. Friction curves of various WC–C coatings deposited under different
onditions as a function of sliding distance at sliding speed of 10 cm/s.

ompared to the effect in the ultrahard (H  > 60 GPa) nanocom-
osite TiN/a-Si3N4 coatings.1 One more way to evaluate the role
f nanostructure is the comparison with the properties of WC
ingle crystals. They can be measured on individual grains in

C–Co sintered carbide and determined either from statistical
istributions obtained from a large number of nanoindentation
easurements or from nanoindents localized on individual WC

rains. Statistical evaluation of hardness distributions from 300
ndents in several WC–Co systems30 allowed us to distinguish
etween harder (WC) and softer (Co) phase due to its bimodal
haracter. Two peaks of indentation modulus distributions of
C grains were at around 430 GPa and 520 GPa and that of hard-

ess at 29 GPa, while the peaks at around 340 GPa and 10 GPa,
espectively, were attributed to binder phase.30 This data can-
ot be used for the calculations not only because of the double
eak of the elastic modulus of WC grains, but also because the
istribution was very wide – the indentation modulus was in the
ange 400–700 GPa. Precisely localized nanoindentation mea-
urements on individual grains confirmed the existence of wide
catter of EIT and HIT. Such scatter may be attributed to ISE,
nisotropy of the elastic properties of WC grains (H > 40 GPa
IT
or {1 0 1 0}  and HIT = 25–30 GPa for {0 0 0 1}  orientation31 as
ell as binder effect underneath of the WC grains. The obtained
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alues in both cases are higher than those obtained in the
ptimized WC–C coatings containing much softer amorphous
arbon phase. Thus, hardness optimization from the viewpoint
f coating structure requires not only achieving WC nanocrystal-
ites in carbon matrix, but also optimization of the ratio between
he volume contents of hard and soft phases. Apparently, the
ossibilities to maximize stiffness and hardness of the studied
C–C coatings were not fully exploited yet.
Fig. 5b shows a direct confirmation that PF QNM is able

o visualize elastic properties of the materials with the stiff-
ess well above 300 GPa with the lateral resolution close to
anoscale regardless of surface topography. This is a significant
chievement because this mode was originally developed for
io- and polymeric materials with the stiffness below 100 GPa
nd so far it was not applied to such stiff materials. The condition
or successful imaging of elastic properties is that special AFM
antilevers with high stiffness (K  = 2000 N/m) and diamond tip
re used to ensure that both AFM probe and tested material
re elastically deformed during force tapping. Fully quantita-
ive measurements using PF QNM require precise calibration
nd additional work on correct interpretation of the obtained
mages. Difficulty with the interpretation of the modulus image
ven at qualitative level is that nanoparticles may not be exposed
n the surface and their location just under the surface may pro-
uce additional contrast without real physical meaning. This is
lso discussed later with the LFM images. Quantitative measure-
ents are affected by the lack of precise reference values due

o the wide range of elastic moduli of the individual WC grains
entioned earlier. The solution of this problem requires special

tudy with PF QNM performed on the individual WC grains with
heir elastic modulus and hardness measured independently by
anoindentation.

The same conclusion concerning qualitative and quantitative
ata is valid for the application of AFM in the visualization
f friction forces. The determination of the correlations among
he macroscopic coefficient of friction and friction between two
ingle asperities depends on the calibration of the individual
ribo-pair “coating – AFM tip”. The problem is that materials
sed for AFM tips (Si, Si3N4) are different from materials in real
pplications (steel, cemented carbide, etc.). Another difficulty
hich can explain the lack of friction contact in LFM image is

hat the scanned surface may be “homogeneous” – the whole sur-
ace is covered with a thin layer of carbon, adsorbed or reaction
ases. They can overshadow the differences among individual
hases in case of extremely low forces in LFM. On the other side,
onventional tribological tests provide friction data from differ-
nt tribo-pairs, macroscopic areas, considerably higher range of
ormal forces and therefore most probably, different wear mech-
nisms. The analysis of the correlations between LFM data even
n case of its proper calibration and conventional ball-on-disc
ests needs to consider all these factors.

The coefficients of friction with sufficient hardness are in the
tudied WC–C coatings in the range 0.1–0.2. The studies of the

4
echanisms operating during friction by Liu et al. as well as
ur previous works24,26 suggest the formation of a transfer film,
hich results in a low COF. This transfer film is mostly related

o the oxidation of steel ball material in friction contacts at room
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emperature tests and increased interactions between tungsten,
ron and ambient air at elevated temperature tests.4,24,26 Our
uture studies will be oriented on detailed investigations of the
ole of transfer films in friction and wear and mechanism of its
ormation at macro- and nano-scale. This work will include cal-
bration and attempts of quantitative measurements using LFM
nd PF QNM modes on AFM.

. Conclusion

The nanoindentation studies performed on the 500 nm thin
anocomposite PE CVD WC–C coatings with controlled rough-
ess confirm that surface roughness substantially increases the
catter of the indentation modulus and hardness without affect-
ng its average value. Surface roughness of the coatings below
0 nm is necessary to keep the scatter of indentation modu-
us and hardness below 15%. PF QNM mode in AFM was
uccessfully applied for qualitative mapping of the elastic mod-
lus of hard materials with the stiffness above 300 GPa. The
ondition was that special AFM cantilevers with high stiff-
ess (K  = 2000 N/m) and diamond tip were used. The studied
C–C coatings exhibited weak contrast in LFM and quan-

itative measurements, similarly as in the case of PF QNM,
equire precise calibration on individual WC grains with known
roperties. The studied WC–C coatings exhibit favorable room
emperature friction behavior with the coefficients of friction
elow 0.2. The increase of temperature to 450 ◦C resulted in
OF in the range 0.7–0.8 due to the interactions between tung-

ten, iron and ambient air and formation of a transfer film
etween the contacting surfaces. The optimization of the deposi-
ion conditions based on nanoindentation resulted in the increase
f the indentation modulus from ∼220 GPa up to 350 GPa
nd that of the indentation hardness from ∼17 GPa to almost
9 GPa.
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8. Lofaj F, Němeček J, Bláhová O. A comparative study of nanoindentation
measurements on thin coatings. Chemické Listy S 2010;109:271–4.

9. ISO 14577-4:2007. Metallic materials – Instrumented indentation test for
hardness and material parameters. Part 4 Test method for metallic and non-
metallic coatings.

0. Fischer-Cripps AC. Nanoindentation. 2nd ed. New York: Springer; 2004.
1. Bull SJ, Page TF, Yoffe EH. An explanation of the indentation size effects

in ceramics. Philos Mag Lett 1989;59:281–8.
2. Nix WD, Gao H. Indentation size effects in crystalline materials: a law for

strain gradient plasticity. J Mech Phys Solids 1998;46:411–25.
3. Huang Y, Zhang F, Hwang KC, Nix WD, Pharr GM, Feng G. A model of

size effects in nano-indentation. J Mech Phys Solids 2006;54:1668–86.
4. Taljat A, Pharr GM. Measurement of residual stresses by load and depth

sensing spherical indentation. Mater Res Soc Symp Proc 2000;594:519–24.
5. Lee YH, Kwon D. Residual stresses in DLC/Si and Au/Si systems: appli-

cation of a stress–relaxation model to nanoindentation technique. J Mater
Res 2002;17:901–6.

6. Jiang WG, Su JJ, Feng XQ. Effect of surface roughness on nanoindentation
test of thin films. Eng Fracture Mech 2008;75:4965–72.

7. Bouzakis KD, Michailidis N, Hadjiyiannis S, Skordaris G, Erkens G. The
effect of specimen roughness and indenter tip geometry on the determination
accuracy of thin hard coatings stress–strain laws by nanoindentation. Mater
Charact 2003;49:149–56.

8. Mate CM, McClelland GM, Erlandsson R, Chiang S. Atomic scale friction
of a Tungsten tip on a Graphite surface. Phys Rev Lett 1987;59:1942–5.

9. Meyer G, Amer NM. Simultaneous measurement of lateral and normal
forces with an optical-beam-deflection atomic force microscope. Appl Phys
Lett 1990;57:2089–91.

0. Hipp M, Bielefeldt H, Colchero J, Marti O, Mlynek J. A stand-alone scanning
force and friction microscope. Ultramicroscopy 1992;42–44:1498–503.

1. Bhushan B. Introduction – measurement techniques and applications. In:
Bhushan B, editor. Handbook of micro/nanotribology. Boca Ratom: CRC
Press; 1999. p. 3–80.

2. http://www.bruker-axs.de/uploads/tx linkselectorforpdfpool/PeakForce
Quantitative Nanomechanical Property Mapping brochure.pdf.
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