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1. Introduction 
 

The main advantages of indentation with spherical in-
denters are: 1) possibility of measurement under low stresses 
so as to obtain elastic and viscoelastic material parameters 
without influence of irreversible processes, 2) gradual in-
crease of stresses and strains with increasing indenter depth, 
enabling the construction of stress-strain diagrams, 3) negligi-
ble pile-up for small depths of penetration. An important issue 
is the knowledge of the indenter tip radius, and its calibration 
is necessary. All these issues are discussed further.  
 
2.  Geometry and stresses in elastic contact 

 
Figure 1 shows the geometry of indentation by a spheri-

cal indenter. In contrast to pointed indenters (Vickers, Berko-
vich), the stresses grow gradually with indenter load. Spheri-
cal indenters enable measurement under relatively low stress-
es, with all deformations elastic. For this case, the formulae 
by Hertz1 can be used: 

F =  (4/3)ErR
1/2h3/2 ,     h = [(9F2)/(16REr

2)]1/3                     (1) 

F is the load, h – indenter displacement, R – indenter radius, 
and Er is the reduced modulus, related to the elastic modulus 
E and Poisson´s ratio  of the specimen (no subscript) and 
indenter (subscript i) as: 1/Er = (1 – 2)/E + (1 – i

2)/Ei. The 
total depth of penetration h, contact depth hc, indenter radius 
R, contact radius a and area A are related as follows: 

hc = h/2 ,  A = a2 = (2Rhc – hc
2) ≈ 2Rhc         (2) 

the expression at the right holds for small depths. The mean 
contact pressure („hardness“ in indentation tests), 

pm = F/A = F/a2 , and also             (3) 

pm =  –1[(16/9)FEr
2/R2]1/3 = (4/3)Er(a/R)                          (4)  

The mean contact pressure can be used as a characteris-
tic of contact stresses; see Section 5. 

 
3.  Determination of elastic modulus 
 

If the deformations are only elastic, Young modulus can 
be determined directly from rearranged Eq. (1): 

Er =  (3/4)FR–1/2 h–3/2                (5) 

With respect to the scatter of experimental data, it may be 
better to calculate Er as a regression constant in Eq. (1), by 
fitting a group of F(h) data. 
 If plastic deformations have appeared during the test, 
Eq. (5) may be used as well if the radius R is replaced by the 
effective radius Reff, obtained from 

1/ Reff = 1/R – 1/ Rres               (6) 

where Rres is the radius of residual spherical depression; for 
more see ref.2,3.  

Elastic modulus can also be obtained using the classic 
Oliver & Pharr4 approach and formula 

Er = [1/2/2] S/A1/2                (6) 

S = dF/dh is the contact stiffness calculated by fitting the 
upper part of unloading curve,  is an empirical constant (for 
spherical indenters,  = 1), and A is the contact area, corre-
sponding to the contact depth hc. This depth can be calculated 
from the total depth h using the relationship hc = h/2 if the 
contact is purely elastic. However, Eq. (6) can also be used 
for elastic-plastic contact; in this case the contact depth is 
obtained as 

hc = h – F/S                (7)      

where  = 0.75. For all these calculations, the indenter radius 
R(h) or the area function A(hc) must be known. 
 
4.  Onset of permanent deformations 
 

Permanent deformations can be revealed from the F(h) 
curve: the load and unload curves do not overlap. The first 
plastic flow under spherical indenter appears for pm = 1.1 Y, 
where Y is the yield stress of the indented material. However, 
as the material flows first in a small volume beneath surface 
and is constrained by elastic material around, the deviation of 
F–h curve from elastic course becomes observable later5, for 
pm ≥ 1.6 Y.  

The onset of plastic flow is characterised in the pm(a/R) 
diagram by the deviation from linearity; cf. Eq. (4). An exam-Fig. 1. Indentation by a spherical indenter  geometry 
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ple is shown in ref.3.    
 An alternative procedure for the detection of the onset 

of plastic flow was proposed by Chudoba6.  
When preparing elastic-strains tests with a spherical 

indenter, preliminary information about the yield stress can be 
obtained from high-load tests, or from a test with a pointed 
indenter. The parameters for the low-stress spherical contact 
(F, R) should then be chosen so that the mean contact pressure 
(3) is several times lower than the „hardness“ obtained by 
a pointed indenter.  
 
5.  Stress – strain diagrams  
 

All stress components are proportional to the mean con-
tact pressure pm, which is thus very suitable for their charac-
terisation. Under a spherical indenter, the contact pressure and 
strains increase with the depth of indenter penetration, and 
can be used to construct the stress–strain curves. The repre-
sentative strain is usually expressed as the ratio of contact 
radius a and indenter radius r; rep = 0.2(a/r).  

The stresses beneath indenter are tri-axial. If the stress-
strain curve, based on indentation tests, should resemble the 
common  –  diagram for uniaxial loading, it must be con-
structed in coordinates eq – rep. The equivalent stress eq can 
be calculated from pm as 

eq = pm / (rep, E, Y, …)              (8) 

the function  depends on the degree of deforming (rep), on 
elastic modulus E, yield strength Y and Poisson´s ratio . 
Equation (8) is generalization of the relationship between 
hardness H (= pm) and uniaxial yield stress Y in soft metals, H 
= CY; the constraint factor C expresses that the mean contact 
pressure, needed to cause plastic flow, must be higher than the 
yield stress. 

The stress-strain curve (Fig. 2) can be constructed7 from 
the pm(rep) data obtained by spherical indenter for a series of 
loads or using the continuous measurement of properties with 
depth. It consists of two asymptotes (for small and large 
strains) and an intermediate part. 
 

Asymptote 1 – elastic deformations. As long as the equivalent 
stress is lower than the yield strength, the relationship be-
tween the equivalent stress and representative strain is linear, 

eq = E rep              (9) 

For elastic contact of a sphere with a plane, formula (4) 
can be used. Combination of Eqs. (8), (9) and (4) gives the 
proportionality constant  for rep = 0.2a/r:  

 = 20/(3)            (10) 

Mesarovic and Fleck5 have revealed by extensive FEM mod-
eling that the relationship pm(rep) for spherical indentation is 
linear as long as pm < 1.6Y. 

Asymptote 2 – soft materials, full plastic flow. In soft materi-
als (E/H > 40), the fully plastic flow is developed soon. In this 
case, the constraint factor is a constant,  ≈ 3, and the yield 
stress is calculated as  

Y(rep) = eq(rep) = pm(rep)/3         (11) 

Intermediate part – elastic-plastic deformations. For hard 
materials (E/H < 40), or for small representative strain rep, the 
plastically deformed zone is small and surrounded by a rela-
tively large elastic region. The elastic strains are comparable 
with plastic ones. The constraint factor  depends on the ratio 
of the representative strain (imposed by the indenter) to the 
material strain capacity, rep/Y. The simplest expression for  
is based on the model of an infinite elastic–plastic body with 
a spherical cavity under internal pressure1: 

 = A + B ln(Crep /Y)           (12) 

A, B and C are constants. If Y is not known in advance, it is 
easier to determine the yield stress Y(rep) directly from the 
expression8  

pm(rep)/Y(rep) = A + B ln(CrepE/Y0)          (13) 

with the constants: A ≈ 4/3, B ≈ 2/3, and C ≈ 5/3 for rep = 
0,2a/R. Equation (13) must be solved for Y numerically (for 
given pm, rep and E). The procedure could be improved, e.g. 
by considering the influence of Poisson’s ratio, see the John-
son’s model of expanding cavity1, or the model by Gao9, 
which respects strain hardening, indenter shape and the im-
print size.  

When constructing the stress-strain curve, it is reasona-
ble first to plot eq in a wider range of rep using approxima-
tions (9) – (13), and then to find their limits. The constant  
for elastic deformations (= 20/3) should be used for pm  
1.6Y. An example of curves pm(rep) and eq(rep), obtained for 
given material data, is depicted in Fig. 2. Vice versa, it is 
also possible to obtain material parameters from the empiri-
cal pm(rep) curve7,8.  

Approximation of the curve eq(rep) or its part by the 
expression2 

Y() =  Y0(/0)
x          (14) 

enables the determination of strain-hardening index x for elas-
tic-plastic materials. 
 Fig. 2. Equivalent stress eq and mean contact pressure pm as 

functions of representative strain rep. (A schematic, after Menčík7) 
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6.  Determination of viscoelastic parameters 
 

In viscoelastic materials, deformations depend not only 
on the load, but also on its duration. This behaviour can be 
described by spring-and-dashpot models (Fig. 3), with param-
eters determined from indentation tests, by fitting the dis-
placement–time data, h(t). In applications, the stresses are 
usually low and the viscoelastic deformations are reversible 
and disappear some time after unloading. Therefore, the 
stresses in the indentation tests for the determination of model 
parameters should also be low. This cannot be achieved by a 
pointed indenter, but by a spherical one. A problem is that the 
h(t) curve for indenter displacement under constant load can 
often be approximated similarly well by a reversible model 
with a spring and Kelvin-Voigt bodies, and an irreversible 
model with a dashpot in series (Fig. 3); its use, however, 
would be wrong in low-stress applications. 

The penetration of a spherical indenter under constant 
load into a viscoelastic body can be described 10–12: 

[h(t)]3/2 = 3/(4R)F{C0 – Cj[1 – j exp(–t/j)]}                 (15) 

the constants C0, C1, … Cj characterize the compliances corre-
sponding to retardation (relaxation) times 1, …j. The ramp 
correction factors10 j = (j/tR)[exp(tR/j) – 1] are used, as the 
load is never applied instantaneously, but increases to the 
nominal value F during some time tR. 

If the deformations are fully reversible, the instantane-
ous compliance, C0, is related to the reduced elastic 
(instantaneous) modulus as 

C0 =  1 / Er             (16) 
     
7.  Pile-up  
 

With sharp indenters or large depths of penetration of 
a spherical indenter, especially into ductile materials with low 
ratio of hardness to elastic modulus, the plastically deformed 
material beneath the indenter is sometimes squeezed up 
around the indenter, so-called pile-up. The actual contact area 
is larger than for the same indenter displacement without pile-
up, and the elastic modulus and hardness, calculated in the 
standard way from the F–h data, are wrong. The pile-up can 
be avoided by using spherical indenters and shallow depths. A 
comparison of the geometry in both cases follows. 

For pointed indenters, the angle  between the unde-
formed specimen surface and the indenter is 19.7º (= const). 
For a spherical indenter, the corresponding angle (Fig. 1) 
grows with the contact depth as 

 = arccos [1 – (hc/R)]            (17) 

The same angle  as for Berkovich indenter is attained with 
spherical indenter for hc = 0.0585 R. For example, for a sphere 

of radius 100 m, hc = 5.85 m. If the contact depth would be 
only 200 nm, the corresponding contact angle  = 3.62º, and 
2.56º for hc = 100 nm. For such small angles there is no dan-
ger of pile-up. The modern devices can measure much smaller 
depths.  
 
8.  Indenter calibration 
 

The accuracy of the determination of material properties 
by a spherical indenter depends on the accurate knowledge of 
its radius. Especially for small radii and small depths of pene-
tration the indenter shape often deviates from spherical one, 
and the radius is not constant (Figs. 4a,b). The differences can 
amount several tens of percent, see ref.2 and this section. 
Therefore, indenter calibration is strongly recommended. 

 

  a. 
 

  b. 

Fig. 4. a) Interferogram of the tip of a spherical diamond indenter 
of 50 m nominal radius. (After Field & Swain2); b) SEM of the tip 
of a spherical indenter with 20 m nominal radius. (Photo E. 
Weppelmann13)  

 
Often, the effective radius Reff is used instead of nominal 

value. Reff can be obtained for particular F and h values for 
a specimen with known elastic modulus, using the rearranged 
Equation (1):  

Reff (h) =  (9/16)F2 Er
–2 h–3             (18) 

This Reff represents the average radius for the total indenter 
penetration h. If the indenter shape is not exactly spherical, 
various Reff values would be obtained for various depths of 
penetration. In this way it is possible to construct the calibra-
tion curve Reff (h). 

Figure 5 shows calibration curve for a spherical indenter 
of nominal radius 200 m. The curve (18) was obtained14 

Fig. 3. Model of a viscoelastic-plastic body (S + D + 2KV) 
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from indenter penetration into fused silica, whose reduced 
modulus was assumed Er = 70 GPa. The maximum load was 
F = 50 mN and the corresponding depth h = 130 nm. One can 
see that the effective radius for this depth (Reff = 134 m) 
differs significantly from the nominal value 200 m. It is also 
obvious from the graph that this indenter cannot be used for 
the evaluation of data for depths of penetration less than 
10 nm, and that the results for depths up to 20 nm are perhaps 
not very reliable. 

It is also possible to construct the calibration curve for 
contact area, A(h), for example by inserting R(h) values into 
Eq. (2). Another way uses contact stiffnesses, determined for 
various depths. Rearrangement of Eq. (6) gives for spherical 
indenters with  = 1: 

A(h) = S(h)]2/(4Er
2)            (19)     

In this case, dynamic contact stiffness may be used as well, 
determined via a small harmonic signal super-imposed on the 
basic load (CSM mode). In this way, the calibration curve can 
be obtained in one test. 

The calibration is done mostly on fused silica. For very 
small depths of penetration, also a danger exists that the elas-
tic modulus in a very thin surface layer (up to several tens of 
nm), with the properties influenced by polishing, can differ 
a little from the bulk value. This can be avoided by indenting 
fresh fracture surfaces, obtained by breaking the source speci-
men so slowly, that the fracture surfaces are mirror-smooth  
(a DCDC specimen may be suitable for this purpose15). Gen-
erally, accurate indenter calibration is crucial for reliable de-
termination of material parameters by spherical indenters 
from small depths of penetration. 
 

This work was supported by the Grant Agency of Czech 
Republic, projects GA ČR 103/08/1340 and 103/08/1197.The 
measurements by Dr. J. Nohava on Si are appreciated. 
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J. Menčík (University of Pardubice, Czech Republic):  
Opportunities and Problems in Nanoindentation with 
Spherical Indenters  

 
The paper discusses advantages of indentation with 

spherical indenters: 1) measurement under low stresses allow-
ing the determination of elastic and viscoelastic material pa-
rameters without influence of irreversible processes, 2) possi-
bility to construct stress-strain diagrams, 3) negligible pile-up 
for small depths of penetration. Very important for accuracy 
of data eva-luation is the knowledge of actual indenter radius. 
Two methods for indenter calibration were explained. 
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1. Introduction 
 
Metal- and metal carbide-doped carbon coatings (Me/

MeC-C) exhibit interesting mechanical properties because 
they retain most of the benefits provided by undoped diamond
-like-carbon (DLC) while having lower residual stresses and 
possibility for tailoring their properties1. Hardness of these 
coatings can be increased by applying the concept of 
„superhardness“. The concept was proposed by Veprek in 
1995 (ref.2) for nanocrystalline TiN-amorphous Si3N4 system, 
later extended to hydrogenated and non-hydrogenated carbon 
films doped with nanocrystalline particles of MeC (Me = Ti, 
Ta, Hf, Nb, W, Cr). This class of coatings exhibits favourable 
combination of low coefficient of friction (COF), high wear 
resistance and fracture toughness35. Hydrogenated WC/a-C:H 
coatings are commonly prepared by reactive magnetron sput-
tering of W or WC in Ar-hydrocarbon plasma. They exhibit 
relatively high elasticity, hardness, wear resistance, good 
chemical stability, and low COF. Their density, hardness and 
Young’s modulus are inversely proportional to the flow rate 
and carbon content5. The studies on non-hydrogenated nano-
composite WC/a-C coatings are considerably less frequent. 
Some aspects of their mechanical properties were studied by 
Yang3, Liu4, Zeng, and others6,7. Elastic modulus of PE CVD 
coatings is usually in the range from 120 GPa up to 400 GPa 
(ref.8). Hardness varies from 5 GPa up to superhardness range 
with typical values of around 1520 GPa.  

Elastic modulus and hardness in thin metallic and non-
metallic coatings are often measured using instrumented in-
dentation technique under low loads. The requirements and 
conditions necessary for their correct measurement without 
substrate influence are defined in ISO 14577  Part 4 (ref.9). 
They can be summarized as follows:  
 the total penetration depth, h, is less than half of the 

coating thickness;  
 no cracking can occur;  
 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 1015 % of the film thickness to 
prevent substrate influence.  

Indentation loads have to be reduced to N or even nN range 
depending on the thickness and stiffness of the studied coat-
ings to satisfy the above requirements. Indentation methods 
were also upgraded from single loading-unloading cycle to so 
called continuous multi-cycle (CMC) with a predefined num-
ber of partial unloadings during loading to the maximum load. 
Even more sophisticated is the method of sinus loading with 
relatively high frequency of partial unloading. Both CMC and 
sinus methods provide full hardness/indentation modulus – 
penetration depth curve required by ISO standard. However, 
the reliability of all indentation methods is influenced by the 
effects of indentation size10,11, residual stresses12, and espe-
cially by surface roughness13,14. The condition set for surface 
roughness is often not satisfied in the real cases. The conse-
quence of higher roughness is an excessive data scatter. The 
solution would be the measurement of mechanical properties 
at considerably smaller x-y scale. Such possibility is offered 
by recent development of atomic force microscopy (AFM) 
techniques oriented toward measurement of nanomechanical 
properties.  

AFM mapping of the elastic properties at nanoscale level 
is possible using „Force Modulation Microscopy“ (FMM) 
and/or „Peak Force Tapping“ (PFT). FMM uses contact mode 
imaging superimposed with a sinusoidal cantilever or sample 
oscillation small enough to keep the tip in contact with the 
sample, and allows qualitative mechanical property assess-
ment (amplitude and phase shift of the cantilever movement 
compared to the driving oscillation). PFT uses direct fast 
force distance curve acquisition by a large sinusoidal z-piezo 
modulation, periodically contacting and separating tip and 
sample. The z-movement is synchronized with lateral sample 
scanning to ensure a controlled maximum impact force down 
to pN-level, which is used as imaging setpoint. Additional 
treatment of the realtime force  distance curves obtained 
during each cycle included in so called „Peak Force Quantita-
tive NanoMechanical“ (PF QNM) mode delivers simultane-
ously to the topographic height a signal proportional to the 
elastic modulus and enables (when properly calibrated) even 
quantitative measurement of elastic properties at a nanoscale 
level15. However, PF QNM has been so far successfully ap-
plied only to materials with the stiffness below 70 GPa, e.g. 
biological tissues and polymers15.  

Therefore, the aims of this work include the investigation 
of the effect of surface roughness on elastic modulus of the 
studied nc-WC/a-C coatings from instrumented indentation 
and mapping of the elastic modulus using PF QNM for com-
parison.  
 
2. Experimental procedure 

 
The studied nc-WC/a-C coatings were deposited on a set 

of 7 substrates with the diameter of 55 mm and thickness of 

ELASTIC PROPERTIES OF THIN WC/C COATINGS  
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~ 3 mm made from tempered and annealed tool steel (STN 
412050). The substrate surfaces were ground flat with 
a diamond wheel. Five of the substrates were then polished 
using 15 µm, 6 µm, 3 µm, 1 µm and 0.25 µm diamond slur-
ries. One sample was subsequently ground on #80 SiC paper, 
two another on 80/63 diamond disc, and polishing cloth with 
15 µm diamond slurry, respectively. The remaining 2 sub-
strates remined as-polished.  

PECVD WC/C coating with the thickness of around 
500 nm has been deposited on all substrates simultaneously. 
The deposition conditions were as follows: total pressure 
3 Pa, current density 1 mA cm2 and bias voltage 5 kV 
(ref.16,17).  

“Macro-roughness”, Ra, was measured on substrates and 
coatings as well using contact profilometer (model SJ 201, 
Mitotuyo) along ten lines 10 mm long and 1 mm apart. The 
value of Ra was determined as an average of ten measure-
ments. “Micro-roughness” was measured on AFM (model 
Dimension Icon, Veeco). Two areas with the size of 
50 μm × 50 μm were imaged in a tapping mode for each sam-
ple. Ra was determined as an average value from ten 
10 μm × 10 μm areas arbitrarily distributed on both images.  

Indentation modulus, EIT, and indentation hardness, HIT, 
were investigated using nanoindenter (model NHT, CSM, 
Switzerland) in sinusoidal loading up to 10 mN. At least 20 
indents were made in automatic mode on each sample and 
corresponding depth profiles were generated. The values of 
EIT and HIT were determined as an average from the maxi-
mum or stable part of a depth profile in each sample. Addi-
tional indentation tests were performed on the model poly-
crystalline material, WC target (97 %, Porexi, Ltd., Ostrava) 
in sinus mode and on the individual WC grains of the bulk 
WC-Co (Pramet Šumperk) using single loading  unloading 
cycle19.  

PF QNM mode on AFM (Dimension Icon, Bruker Co., 
USA) was used for mapping of the elastic modulus using 
special AFM probes with the spring constant of around 
2000 N m1 and diamond tip. Peak forces were held constant 
in the low µN-range during acquisition of simultaneous topo-
graphical and mechanical data. The values of elastic modulus 
obtained from the measurements on model materials can be 
used for the calibration of the images obtained under similar 
conditions from PF QNM on coatings with nanosized WC 
crystallites. 
 
3. Results and discussion 

 
The values of macro-roughness of the substrates from 

contact profilometry and surface area around 100 mm2 were 
in the range 24580 nm whereas micro-roughness from AFM 
measurements from the area of 2500 mm2 was 3304 nm 
depending on the surface treatment. Analogous values in the 
coating were 10–660 nm and 16180 nm, respectively. Alt-
hough the correlation between Ra of the substrates and coat-
ings is discussed elsewhere19, the intrinsic roughness of the 
coatings on the well polished substrates was in the range 
1020 nm. When Ra of the substrates exceeded these values, 
coatings roughness was determined by the substrate rough-
ness. Obviously, ISO standard requirement that Ra < 3 nm can 
be satisfied in case of 500 nm thin films only with additional 
lapping.  

Fig. 1 summarizes depth profiles of the indentation mod-
ulus and hardness in the studied WC/C coatings. Both param-
eters studied exhibit peak at approximately the same depth of 
around 50 nm and then their values decrease as the influence 
of the substrates gets stronger with the penetration depth. The 
position of the peaks corresponds to 10 % of the coating 
thickness. Thus, the condition for the determination of the 
coating properties from indentation tests is in accordance with 
the ISO requirement. The indentation modulus of the coating 
at the peak position is approximately 235 ± 29 GPa and its 
hardness is around 15.8 ± 2.5 GPa. 

Fig. 2 shows the variations of EIT of WC/C coating as 
a function of Ra determined from microscopic area by AFM. 
The average value of around 220 GPa does not depend on 
surface roughness in the studied Ra range and only the scatter 
increases several times when the intrinsic roughness of the 
coating is exceeded due to substrate roughness. Hardness 
exhibited the same behavior18. 

The properties measured on WC/C coatings need to be 
compared with the values obtained on pure WC, which may 
act as a calibration standard. Fig. 3 shows depth profiles ob-
tained from the bulk polycrystalline WC. Indentation load 
was up to 400 mN to see the possible indentation size (ISE) 
effect. Hardness is constant from the depth of around 200 nm 
and its value is 25.2 ± 2.9 GPa while indentation modulus 
reaches maximum of ~520 GPa at this depth and than gradu-
ally decreases. The average value of EIT is 410 ± 37 GPa. The 
values correspond to the properties averaged over large num-
ber of WC grains in relatively large volume below deep in-
dent formed under relatively high load. 

Opposite case would be an instrumented nanoindenta-
tion of one WC grain with predefined orientation in e.g. WC-
Co sintered carbide. Our detail nanoindentation study on WC-
Co19 confirmed the existence of bimodal distribution of the 
measured properties. The peak at lower values (HIT ~ 10 GPa) 
was attributed to Co and that at 29 GPa to an average from 
larger number of WC grains while neglecting their orienta-
tion19. The obtained values were different from the averaged 
bulk values but they are within wide range reported recently 
for WC grains by Bonache et al.20. Variations in the measured 
properties may be attributed not only to ISE but also to pro-
nounced anisotrophy of the elastic properties of WC grains 
(HIT > 40 GPa for {1010} and HIT = 2530 GPa for {0001} 
orientation) whereas the properties of Co binder (EIT = 210
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Fig. 1. Depth profiles of EIT and HIT on WC/C coating  
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290 GPa and HIT = 916 GPa) were almost uniform20.  
PF QNM was therefore applied to WC-Co to visualize 

elastic properties of the individual WC grains and to account 
for their orientation. The microstructure and the individual 
grains of WC in WC-Co can be easily revealed using AFM 
“height“ images because of differential polishing of harder 
WC and softer Co phases. Fig. 4 shows a map of the elastic 
moduli obtained by PF QNM. The difference between elastic-
ity of WC and Co phase is obvious from the black and white 
contrast, but contrast varies as well among various WC grains 
due to Young’s modulus anisotrophy. Fine calibration of the 
absolute values based on the known indentation moduli aver-
aged over individual WC grains with defined orientation is 
therefore rather difficult. Additional measurements of the 
elastic moduli of the same WC grains by means of instru-
mented indentation and subsequently by PF QNM will be 
performed in the future to solve the problem.  

Analogous image in Fig. 5 illustrates relative elastic 
moduli distribution in the studied nanocomposite WC/C coat-
ing deposited on the fine polished substrate. Strong contrast 
suggests the existence of at least two phases with different 
elastic moduli: dark (=softer) “grains” with the size up to 50–
70 nm separated by a thin continuous net of brighter (=stiffer) 
phase. This net was independent of surface topography and 
similar to the (resonance) phase (shift) images obtained in 
tapping mode earlier16. The obtained modulus contrast was 

only visible at relatively low imaging forces and vanished at 
higher load, which indicates real nanoscale dimensions of the 
components and makes a direct correlation of AFM-based 
modulus values with data from instrumented indentation diffi-
cult. The existence of WC nanocrystals and their agglomer-
ates within the same size range agrees with our earlier trans-
mission electron microscopy observations16. The net in Fig. 5 
seems to correspond to amorphous carbon phase. However, 
the determination of the absolute values of elastic moduli is 
limited by the absence of calibration. 
 
4. Conclusions 

 
Surface roughness substantially increases the scatter of 

the elastic modulus by instrumented indentation without af-
fecting its average value. Growth kinetics of the studied nano-
composite WC/a-C coatings without the influence of substrate 
results in surface roughness Ra ≤ 20 nm. Additional lapping of 
the coatings seems to be necessary to satisfy ISO standard 
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Fig. 2. The dependencies of the indentation modulus, EIT on coa-
ting roughness determined from microscopic area using AFM 

Fig. 3. Depth profiles of the indentation modulus EIT and indenta-
tion hardness HIT on bulk WC 

Fig. 4. Relative elastic moduli distribution in the bulk polycrystal-
line WC-Co obtained using PF QNM mode  

Fig. 5. PF QNM image of the relative elastic moduli (1 m × 1 m) 
in a thin nanocomposite WC/C coating 
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requirement on surface roughness in case of nanohardness 
measurement. An average indentation modulus of around 220 
GPa was found on the studied WC/C coatings whereas that of 
the bulk polycrystalline WC is EIT = 410 ± 37 GPa (hardness 
is HIT = 25.2 ± 2.9 GPa). PF QNM mode in AFM is capable 
of elastic modulus mapping of hard materials including WC-
Co and WC/C coatings, with the elastic moduli in the range 
up to 400 GPa. However, additional calibration on WC grains 
with known orientation is necessary for quantitative measure-
ments of elastic moduli.  
 

The contribution of M. Ferdinandy with coating prepa-
ration is gratefully acknowledged. This work was supported 
by the following projects: APVV 0520-10, VEGA 2/0108/11 
and MNT-ERA.NET HANCOC. 
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of Thin WC/C Coatings 
  

Instrumented indentation and AFM studies of WC/C 
coatings revealed that surface roughness substantially increas-
es the scatter of the measurements of elastic modulus without 
affecting its average values. An average indentation modulus 
of around 220 GPa was found on the studied WC/C coatings 
whereas that of the bulk polycrystalline WC was EIT = 410 ± 
37 GPa (and its hardness was HIT = 25.2 ± 2.9 GPa). PF QNM 
mode in AFM is capable of qualitative elastic modulus map-
ping of hard materials including WC-Co and WC/C coatings. 
However, the calibration on the individual WC grains is nec-
essary for quantitative PF QNM measurements.  
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1. Introduction  
 

Along with the arrival of new modern measurement 
methods (nanoindentation methods) there is a growing de-
mand for research in mechanical and tribological properties of 
surface layers of materials. This trend is given by growing 
requirements for quality of surface layers in various applica-
tions of surface engineering (contact loading, protective sur-
face coating, etc.). In this respect nanoindentation tests repre-
sent a new tool for researching of surface layers. 
 
Fundamentals of nanoindentation 

 
Nanoindentation and nanoscratch methods are based on 

immediate recording of load during penetration of an indenta-
tion stylus into a material surface in either indentation or 
scratch mode.  From a known geometry of an indenter imprint 
into the material surface it is possible to determine its me-
chanical (modulus of elasticity, hardness) as well as tribologi-
cal (friction coefficient) properties1,2. According to the Oliver 
and Pharr methodology the material hardness can be calculat-
ed according to the formula 

where Pmax is the maximum load, A is the contact indentation 
area, the constant 24.5 represents the geometry of an indenter, 
the constant Cn represents a calibration curve for contact in-
dentation area and hc is a contact indentation depth that is 
determined according to the formula 

 
where hmax is the maximum indentation depth, 0.75 is a con-
stant depending on the geometry of an indenter, S is the con-
tact stiffness (dP/dH) .  

Hardness can also be determined by a scratch test. Ac-
cording to the authors3 who defined the hardness for trans-
verse circular cross-sections (spheres, cones, parabolas) as 

where FN is a normal component of an acting force, b is a 
width of the scratch channel groove, a is a radius of an indent-
er tip, h is a contact indentation depth into the material surface 
(Fig. 1). 

 
Fig. 1. Shape of scratch channel groove 
 

During the scratch testing an indentation stylus pene-
trates into a material surface and then it is shifted by 
a translation movement just along one axis (Fig. 2). Due to 
the fact that the sample surface is not an ideal plane, the hard-
ness can be determined from an immediate component of a 
normal load related to the respective width of the groove left 
behind an indenter. 
 

 
 
Fig. 2. Detail of the scratch test 
 
2. Current state of problem 
 

A contemporary methodology for evaluation of the hard-
ness of the material surface layer through scratch testing is 

MEASUREMENT AND ANALYSIS OF THE HARDNESS OF ALUMINIUM SURFACE 
LAYERS BY THE NANOINDENTATION AND SCRATCH TESTS  
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based upon recording of a normal component of an acting 
force and an indentation area of the indentation stylus where-
as both these parameters are usually not constant. As men-
tioned above, the hardness for transverse circular cross-
sections indenters is determined according to the formula (3). 

The subject of our research was a determination of hard-
ness through scratch testing with application of the Berkovich 
tip and identification of mutual relation to determination of 
hardness through an indentation method. When determining 
hardness, we go out from the known geometry of the indenta-
tion stylus that is defined by the relation (4) 

and alignment of the indentation tip towards direction of 
scratch channel creation (Fig. 3 a, b).  

 

   

 
Under this assumption a contact area within scratch 

creation can be modified from relation (4) to relation (5) 
where 2/3 of the indenter area is in contact. It is not possible 
to determine explicitly the proportion of the contact area 
through an actual alignment of the tip (Fig. 3b). In calcula-
tions also the limit situations were considered where only 1/3 
of the indenter area would be in contact (6). 

Determination of hardness is made according to the relation 
(7),(8), 

where FN is a normal component of an acting force and in the 
related experiment FN = const. The contact areas ACI, ACII  are 
functions of the depth h. 

3. Experiments   
 
Initial material 
 

An initial material for the realization of experiments was 
aluminium of EN AW 6060. This structural material is com-
monly used within various fields of industry, is characterized 
by medium strength, it is a lightweight material with good 
corrosion resistance. Aluminium is often being used for deco-
rative purposes. Its disadvantages are poor tribological prop-
erties and a low melting point associated with stress strength 
at higher temperatures and wear. The chemical composition is 
given in Tab. I.  

 
Preparation of the samples 
 

An aluminium sample with a square cross-section of 
10 mm × 10 mm and a height of 5 mm was made through the 
means of unconventional abrasive waterjet cold cutting tech-
nology without thermal influence on the basic material. Con-
sequently, the sample was grinded and polished by using 
a device Struers Tegra Pol 35. For grinding were used the 
sandpapers with the grit size of 320, 800, 1000, 1200. 
A pressure force was of 10 N with a speed of rotation of 
200 min1. A polishing diamond suspense with a grit size of 
3 m and 1 m  was used  to polish the sample.  
 
Experimental details on testing 
 

Nanoindentation testing was performed on the Hysitron 
Triboindentor TI 950 device. The indentation tests were real-
ized with the Berkovich tip. The indentation testing was made 
with a constant force of 2000  velocity of indenter pene-
tration into the material surface was 400  min1. A total of 
60 indents were performed on the sample, 6 indents in a dis-

  Si Fe Cu Mn Mg Cr Zn C 

[%] 0.3
0.6 

0.1
0.3 

0.1 0.1 0.35 0.05 0.15 0.15 

(4) 222
, 56.243.65tan33 hhA  

 a    b 

Fig. 3. a) ideal alignment of the indentation tip b) real alignment 
of the indentation tip 

(5) 3.65tan32 22hAC 

   (6) 3.65tan3 22hAC 

(7) 
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Table I 
Chemical composition of material 

Fig. 4. Area detail of conducted indentation tests  
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tance of 4 m from each other in 10 areas of testing separated 
by 100 m. The Berkovich tip was chosen also for the scratch 
testing. The scratch testing was made with a constant normal 
force of 2000  by a translation movement, velocity of in-
denter penetration into the material surface was 400  min1, 
evaluated length of the scratch testing was 10 m, velocity of 
the indenter shifting through the surface was 0.33 m s1, and 
a total number of scratches was 10. Fig. 4 shows a detail from 
one area where the indentation tests were performed on the 
sample.  
 
4. Results 
 

The calculations of the hardness HINT were made accord-
ing to the relation (1) on the basis of the performed indenta-
tion tests, measured data and results of calibration. The calcu-
lations were made for the selected 36 indents that were not 
significantly influenced by a quality of surface on the pre-
pared sample. The resulting indentation curves are shown in 
Fig. 5. The indentation curves demonstrate a range of contact 
depths h running from 115 nm to 140 nm and determine a size 
of the contact indentation area.  

Afterwards 10 scratch tests were performed. Using 
above mentioned relations (47) the hardness HS was deter-
mined from the scratch testing. The results of analysis and 
captured images confirm that an alignment of the indenter 
was almost ideal (Fig. 3a). A significant feature for determi-
nation of hardness was a record of the normal distance of 

indenter depth penetration into the material surface whose 
amount during creation of the scratch varies depending on 
a change of surface topography of the sample. In Fig. 6 there 
is a record of normal depth h for 6 selected scratches whose 
final curves were not significantly influenced by the surface 
topography.  

The results obtained from both tests are summarized in 
Table II where the values of the hardness HS are presented 
only for an ideal geometry of the contact surface. 

Based on the analysis results from the indentation and 
scratch tests HINT, Hs a scatter plot of hardness was determined 
(Fig. 7). 
 

As can be seen in Fig. 7, it was reached a good correla-
tion between the results for HINT and HS in the areas of meas-
urement 1, 3, 4 and 5. The accuracy of measurement is in this 
case very influenced by the quality of surface layer and the 
range of wear of the indentation tip. 
 
5. Conclusions  
  

This paper presents the results acquired during the eval-
uation of hardness of surface layers of the EN6060 aluminium 
alloy through the indentation and scratch tests. During this 
experiment the Berkovich indenter tip was used for scratch 
testing. First we designed the geometry of the contact area. 
The size of contact area was simulated from records of the 
variable depth. The normal force was constant during the 
whole testing. A close relationship between indentation HINT  

and scratch hardness Hs has been determined on the basis of 
the performed analysis and results presented in Table II  
(Fig. 7).  

Nanohardnees HINT SD Scratch hardness HS SD 

2.28 
2.45 
2.28 
2.72 
2.55 
2.75 

0.09 
0.08 
0.13 
0.34 
0.08 
0.24 

2.36 
2.02 
2.29 
2.09 
1.97 
2.22 

0.10 
0.39 
0.07 
0.29 
0.37 
0.15 

Fig. 6. Courses of normal displacement during scratch testing 

Fig. 5. Courses of indentation curves  

Table II 
Indentation hardness HINT of the surface layer of aluminium 
compared with the hardness HS 

Fig. 7. Scatterplot of hardness between Hs, HINT 
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Identification of methodology for determination of hard-
ness from indentation and scratch techniques may significant-
ly contribute to evaluation of a specific resistance imposed by 
a surface layer during exterior loading on other objects. A 
subject of our future research will be an application of this 
methodology also for the abrasive waterjet technology. 
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Measurement and Analysis of The Hardness of Alumini-
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The paper deals with an evaluation of mechanical prop-
erties of surface layers of aluminium alloy. A Hysitron TI 950 
TriboIndenter was used for a nanomechanical study of surface 
properties. A purpose was to determine the surface hardness 
of alloy with a low friction coefficient on the basis of the 
indentation and scratch tests. A scatter plot of results for the 
given methods was demostrated on the basis of these meas-
urements. Knowing the hardness (resistivity) of the surface 
layer can help to a better identification of processes causing 
wear of surface layers, or to identify the individual compo-
nents of critical forces of abrasive particles, which cause wear 
during the abrasive waterjet cutting process.   
 

 

 

 
 


