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In this work, we focused on the usability of scratch test technique for determination of thin films adhesion with 
the layer thicknesses around 100 nanometres. Thin films of diamond-like carbon (DLC)(values of sp

3
 bonds 

from 40% to 70 %) and titanium dioxide (TiO2) (anatase, rutile) were prepared by Pulsed Laser Deposition (PLD). 
The basic substrates were silicon wafers Si(111) and titanium alloy. Thicknesses of prepared layers were in 
range of 60 nm to 100 nm for DLC and 100 nm to 140 nm for TiO2. Mechanical properties were tested using 
micro and macro methods. Microhardness was evaluated by AFM nanoindentation head Solver Next and 
Hysitron nanoindenter were used. Adhesion was measured using AFM head, Hysitron nanoindenter and CSM 
Revetester. For all samples (DLC, TiO2) the Young’s moduli were determined also. We observed and compared 
abilities for the each individual instrument to evaluate adhesion of thin films with thickness of several tenths of 
nanometres. For the evaluation we used the International and USA standards for the ceramic and metallic 
materials. In contribution the advantages and disadvantages of systems and methods mentioned above and 
results obtained from micro and macro- mechanical measurements are compared and discussed. The results 
are compared with our early work too. 
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Introduction 
DLC layers are widely used in many branches of industry. There are many methods [1,2,3] for the layer-
substrate adhesion determination, but one of the most used methods is scratch test technique. Nowadays, 
micro and nano-scratch tests supplement the classic (macroscopic) scratch test, which is well described in 
literature and national and international standards e.g. ASTM C1624-05 or DIN EN 1071-3 [4, 5, 6]. The scratch 
test method is widely used in industry and laboratories for quantitative determination of thin films and 
coatings adhesion.  

 
Table I. Short review of mechanical properties results for various types of diamond-like carbon layers. DMS Dual 

magnetron, UBM unbalanced, FCVA Filtered cathodic vacuum arc, IBAD Ion beam assisted deposition, magnetron 
sputtering , PBIID plasma based iont implantation deposition , HSS High speed steel. 

Depositio
n 

method 

Testing 
metho

d 

Indente
r type 

Energy 
density 
[J∙cm

-2
] 

Critical 
load 
[N] 

Hardne
ss 
 

[GPa] 

Young’s 
modulus 

[GPa] 

Thickness 
 

[nm] 

Substrat
e 

Sp2/Sp3 
determinati
on [Yes/No] 

PLD Micro - 3 0.05÷0.1 25÷50 210÷250 400÷600 Si(100) Y 
PLD Macro RC 0.5÷31 8÷23 27÷40 - 90÷1300 Si(100) Y 
PLD Macro RC 2÷20 10 ~65 550 500 - Y 
DMS Macro RC - 50÷65 30÷46 - 1000 HSS N 
UBM Macro - - 20÷70 - - 5000 Steel N 
FCVA Micro - - 1÷4.5 - - 130÷150 Si Y 
IBAD Macro RC - 5.8÷9.8

 
- - 500 glass N 

Various Macro RC - 10÷20 13÷60 140÷330 300÷1100 steel Y 
PVD Macro RC - 12÷24 - - - glass N 

PBIID Macro RC - 0.1÷10 ~15 - 
2÷400 

µm 
Al alloy, 

steel 
Y 

FCVA nano - - 1,25÷6,5 8÷50 - 10 and 50 
Si (100); 

Al2O3–

TiC 

~85% 

 
The scratch test principle is based on pulling a hard, typically diamond stylus, to the material of the sample. The 
observed failure is divided to three phases. Phase one represents the ploughing of a stylus in the substrate 
material. The substrate material is deformed by plastic or elastic deformation and a groove is formed. The 



phase two represents the bending and drawing of a freestanding coating. The bending movements cause 
stresses and stress release in the coating when drawn between the surfaces. In this phase the work done for 
overcoming friction is considered. The phase three represents pulling and spalling the coating from one point 
on the surface when its other part is fixed. The increasing pulling force results in cracks at the place of 
maximum tensile stress. The formation of cracks in the groove of a scratch tester has been shown by [5-8].  
For used depositions conditions there could be find sp2/sp3 ratio and more analysis in [9, 10]. Adhesion 
behavior of DLC coatings is long-term observed problem. In Table I. there is short list of published results for 
hydrogen free DLC coatings. 
 

Experimental 
Coating deposition - Both types of layers DLC and TiO2 were prepared by Pulsed Laser Deposition with excimer 
laser (λ = 248 nm, τ = 20 ns). Two types of substrates were used, silicon wafers Si(111) and Ti6Al4V alloy. 
Pressure in chamber before deposition was at 1∙10

-4 
Pa, argon atmosphere during deposition was at 0,25 Pa 

with gas flow at 10 sccm. High purity graphite was used as target material. Laser densities for ablation from 
target, number of pulses and achieved thicknesses are summarized in Table II. Deposition conditions of TiO2 
layers: substrate was silicon wafer Si(111), pressure in chamber before deposition at least 1∙10

-3 
Pa. Depositions 

were made utilizing radiofrequency discharge (RF). The deposition length was two thousand pulses. For more 
information see Table III. 
 

Table II. Laser energy density used for DLC layer synthesis, number of pulses, thicknesses and used substrate. 

Sample Energy 
density 
[J∙cm

-2
] 

Num. 
pulses 

[-] 

Thicknesses 
 

[nm] 

Substrate 

DLC-1 10 2400 70 ÷ 80 Si(111) 
DLC-2 6 4500 60 ÷ 75 Si(111) 
DLC-3 4 5600 60 ÷ 70 Si(111) 
DLC-4 2,5 8000 60 ÷ 75 Si(111) 
DLC-5 10 2300 90 ÷ 100 Ti6Al4V 
DLC-6 6 3900 90 ÷ 100 Ti6Al4V 

 
Roughness and thickness determination - Mechanical profilometer Alpha-Step IQ (KLA co.) was used for 
thickness and roughness determination. Roughness was validate by SPM method too. 

 
Table III. Laser energy density used for TiO2 layer synthesis, target material Ti-titanium, R-rutile, oxygen O2 pressure and 

thicknesses. 
Sample Energy 

density 
[J∙cm

-2
] 

Target 
material 

[nm] 

Pressure O2 

[Pa] 
Layers 

thicknesses 
[nm] 

TIO2-1 3,2 Ti 18 100 ÷ 120 
TIO2-2 3,2 Ti 10 65 ÷ 105 
TIO2-3 3,2 R 10 120 ÷ 125 
TIO2-4 3,2 R 18 130 ÷ 140 

 

Scratch testing - The first used system is CSM REVETEST. From this system we obtained normal force, depth of 
penetration, acoustic emission, friction coefficient and force. The system is equipped with optical microscope 
with possibility to obtain photography. Used testing conditions were following: scratching speed 5 mm∙min

-1
, 

loading rate 14 N∙min
-1

, diamond tip type Rockwell with radius 200 µm for DLC layers and 400 µm for TiO2. Two 
or more scratches on each sample were made to verified the obtained results. 
The second used device was Nanomechanical instrument Hysitron TI950 TriboIndenter™ with 2D. This system 
measures in micro and nanoscale. The nanoscratch tracks were visualized by in-situ SPM method and analysed 
afterward. The system provided us with lateral force and lateral coordinates, normal force and normal 
coordinates as time dependency. Every sample were measured three times with used force ranging from 0 to 
3 mN and length of scratch 6 µm. Scratching speed was 170 nm∙s

-1
. Stylus diamond tip is Berkovich type with 

radius in tens of nanometres. 
The third used device was nanosclerometric head, which is an extension of AFM for scanning probe microscope 
Solver Next. This system provided us with the graphic information of the surfaces obtained by SPM technique 
with high resolution. Two scratches with different loads were made on each sample. Length of scratches were 



50 µm and loads were (0.5 ÷ 40) mN and (35 ÷ 75) mN. Scratching speed was 100 nm∙s
-1

. Probe diamond tip is 
Berkovich type with radius about 80 nm.  

 
Table V. Summary of adhesion results from three used systems: FC1 - delamination force, 

FC2  - penetration force through layer to basic substrate, F1N – permanent plastic deformation of layer. 

Sample CSM Revetest Hysitron TI950 Nanosclerometric 
Head 

FC1R 
[N] 

FC2R 

[N] 
FC1H 

[mN] 
FC2H 

[mN] 
F1N 

[mN] 
FC2N 

[mN] 

DLC-1 6.0 8.0 NA 1.50 22.2 63.3 
DLC-2 9.5 13.0 NA 1.25 23.5 75.0 
DLC-3 5.0 6.5 NA 1.10 28.6 >75.0 
DLC-4 7.5 9.4 NA 1.25 26.3 70.3 
DLC-5 5.9 10.8 NA NF 4.1 10.5 
DLC-6 2.4 3.5 NA NF 2.2 4.3 

TiO2-1 1.0 1.0 NA 0.75 2.1 15.0 
TiO2-2 10.0 >15 NA 0.50 2.9 33.0 
TiO2-3 >15 >15 NA 0.80 1.9 39.0 
TiO2-4 >15 >15 NA - - - 

 

Nanoindentation - Nanoindentation testing was performed using two system mentioned before. 
Nanomechanical instrument Hysitron TI 950 TriboIndenter™ was used for nanoindentation of two sets of 
samples DLC-1 ÷ 6 and TiO2-1 ÷ 4. A peak load Pmax = 1000 µN was used for nanoindentation of  DLC samples, 
that corresponded to the limit of hardness values drop off hc~20 nm according to calibration procedure of tip 
area.  
For nanoindentation provided  with nanosclerometric head the matrix of six by six points was made with 
applied  forces  from (0,05 ÷ 1) mN. Two places on each sample were tested. Obtained results were compared 
with calibration measurement made on fused silica of known properties and hardness. Young modulus were 
determined, too. 

 
Table VI. Summary of results for hardness H and reduced Young’s modulus Er  for DLC and TiO2 samples 

Sample Hysitron TI950 Nanosclerometric Head 
indentation 

Nanosclerometric 
Head Scratchtest 

ErH 

[GPa] 
HH 

[GPa] 
ErI 

[GPa] 
HNI 

[GPa] 
HNS 

[GPa] 

DLC-1 186±3 30.5±0.9 240±63 10.1±4.6 10.4±1.2 
DLC-2 172±3 27.7±0.6 258±61 10.3±4.6 10.2±1.4 
DLC-3 173±3 27.0±0.6 258±80 11.1±3.0 10.5±1.7 
DLC-4 189±4 29.9±0.7 268±36 11.8±4.2 10.4±1.5 
DLC-5 117±10 11.7±0.6 153±21 7.3±0.9 4.9±0.9 
DLC-6 133±8 15.3±0.8 139±54 5.8±3.2 1.2±0.3 

TiO2-1 34±5 1.2±0.3 95±72 1.9±0.6 1.6±0.3 
TiO2-2 129±13 5.4±0.8 157±56 5.8±2.5 6.6±1.8 
TiO2-3 125±11 4.3±0.5 147±80 7.1±3.2 6.3±1.1 
TiO2-4 73±9 1.9±0.4 218±47 8.1±1.4 - 

 

Results 
Revetest - acoustic emission were used to estimate delamination point and this point were visually confirmed 
from the photography of the scratch. Additionally, penetration force was checked, to determined point the 
probe got through the layer to the basic substrate. There was no problem with evaluation of DLC layers and 

detected acoustic emission in the point of delamination (Fc1R resp. critical load (FC2R), see Table V. The same 

method used for TiO2 layers is complicated by influence of droplets in layer influencing acoustic emissions and 
by low contrast of scratch photography for some of these layers, but all necessary parameters were obtain too. 
Hysitron -Delamination was not observed in the scanned image. We could only see changes in lateral force 
from graph in place corresponding to the penetration depth (the layer thickness). This behaviour did not 
occurred for DLC-5 and DLC-6 prepared at Ti6Al4V. The layers had a good adhesion. We were not able to detect 
a critical force for TiO2 and DLC layers, but only a change in the slope of lateral force dependency on a normal 
displacement corresponding to the layers thicknesses.  



Results of reduced modulus are summarized in Table VI. There are good results for DLC -1 – 4 which correspond 
to published values according to Table I. The results for DLC-5 and 6 are probably affected by Ti alloy substrate. 
The results for TiO2 have lower value which is in correspondence with assumption. TiO2 indentation curves did 
not indicate any sudden change of slopes.  
AFM - For DLC layers changes were observed in behaviour of the layers, from certain used force the scratching 
depth grew rapidly, but this behaviour is not connected with adhesion to basic substrate, but with hardness of 
the layer itself and with the used probe sharpness because by AFM microscope we measured residual depth 
and not the penetration depth. For comparison see table V for adhesion parameters and Table VI for hardness 
and reduced modulus. There is good correlation of results between hardness obtained by to different principles 
from nanosclerometric head, but both of this results are three times smaller than from Hysitron nanoindenter.  
Roughness  - For DLC layers typical value Ra were between 2 and 9 nm for Si substrate and between 13 and 23 
for Ti6al4V substrate. 
 

Discussion and conclusions 
The macroscopic method for DLC layers gave us good results for adhesion behavior. Some problem with 
macroscopic scratch is high used force with combination of brittle substrate which caused damage of samples 
prepared on Si(111)  for higher force than 25 N. This testing could be considered as destructive. For 
nanoscratch tests there are no classic marks for delamination or loss of adhesion as is described in standards. 
For Hysitron TI950 device, there is clear change in lateral force/normal displacement dependency for samples 
prepared at silicon substrate, but only on interface between the layers and basic substrate. The results from 
nanosclerometric head are closer to macroscopic scratch tester in meaning of trend needed force for 
penetration through the layer. Delamination or loss of adhesion was not observed nor for this method.  
Four DLC layers on Si(111) and two on titanium alloy prepared by PLD were measured for adhesion to substrate 
on three different devices and microhardness and  Young modulus were measured on two devices. The another 
four samples of titanium dioxide on Si(111) were measured to test film with different behaviour. The results for 
adhesion from different devices did not match because of different measuring conditions and used tips, but we 
found some interesting results for other measurements of thin films by using described macro a nano scratch 
systems. The layers thicknesses determined by scratch testing were in an agreement with the measurement 
done with mechanical profilometer. Normal forces necessary to penetrate the layers were determined for all 
samples and devices. Using CSM Revetest macroscopic scratch tester we were able to determine the 
delamination force i.e. determine the quality of adhesion of nano layers in accordance with standard. 
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