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DETERMINATION OF FRACTURE TOUGHNESS  
OF THE THIN DIAMOND-LIKE COATINGS BY NANOINDENTATION1 

Abstract. The results of a study of the structure and physical and mechanical properties of diamond-like coatings (DLC) 
on sublayers of different hardness are presented. The coatings have high hardness, but at the same time they are prone to 
delamination and destruction due to high residual internal stresses. The fracture toughness was determined by the nano-
indentation method and the energy calculation method using approach-retraction curves. Atomic force microscopy was used 
to study the surface structure and deformation region after nanoindentation. A change in the surface structure and roughness 
of DLC was established depending on the sublayer. Low roughness is characteristic of DLC on a copper sublayer. Applying 
а titanium sublayer leads to an increase in the elastic modulus of the DLC. The microhardness of both coatings is practically the 
same. AFM studies have shown two different types of DLC deformation after nanoindentation with a Berkovich pyramid. A crack 
on coatings with a copper sublayer propagates around the indentation print, and on an DLC with a titanium sublayer,  
it propagates along the edges of the indentation. It was found that the fracture toughness of DLC on a Ti sublayer is 33 % 
lower compared to DLC on a Cu sublayer due to a decrease in stress relaxation inside the coating. The considered coatings can 
be used in microelectronics for protection against mechanical damage on contacting and rubbing surfaces. 
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ОПРЕДЕЛЕНИЕ ВЯЗКОСТИ РАЗРУШЕНИЯ ТОНКИХ АЛМАЗОПОДОБНЫХ ПОКРЫТИЙ 
МЕТОДОМ НАНОИНДЕНТИРОВАНИЯ 

Аннотация. Представлены результаты исследования структуры, физико-механических свойств обладающих 
высокой твердостью, но в то же время склонностью к расслоению и разрушению из-за высоких остаточных внутрен-
них напряжений алмазоподобных покрытий (АПП) на подслоях различной твердости. Вязкость разрушения опре-
деляли методом наноиндентирования и энергетическим методом расчета с использованием кривых подвода-отвода. 
Для исследования структуры поверхности и области деформации после наноиндентирования использовали атомно-
силовую микроскопию. Установлено изменение структуры поверхности и шероховатости АПП в зависимости от 
подслоя. Низкая шероховатость характерна для АПП на медном подслое. Нанесение титанового подслоя приводит 
к повышению модуля упругости АПП. Микротвердость у обоих покрытий практически одинаковая. АСМ-иссле-
дования показали два различных типа деформации АПП после наноиндентирования пирамидой Берковича. Трещина 
на покрытиях с медным подслоем распространяется вокруг отпечатка индентирования, а на АПП с титановым под-
слоем – вдоль граней отпечатка. Установлено, что вязкость разрушения у АПП на титановом подслое на 33 % ниже 
по сравнению с АПП на медном подслое за счет уменьшения релаксации напряжений внутри покрытия. Рассмот-
ренные покрытия воз можно применять в микроэлектронике для защиты от механических повреждений контак-
тирующих и трущихся поверхностей.

Ключевые слова: алмазоподобное покрытие, подслой, атомно-силовая микроскопия, наноиндентирование, 
вязкость разрушения
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Introduction. Diamond-like coatings (DLC) have high hardness, but their use is limited due to low 
heat resistance (350 °C), low strength and low adhesion to most steel and glass substrates, and the pre-
sence of high internal stresses [1–3]. At temperatures above 400 °C, graphitization of the coating occurs 
as a consequence of the transition from sp3-bonds to sp2-bonds [2]. Another disadvantage of solid DLC 
is that they are prone to delamination and failure due to increased residual internal stresses when their 
thickness exceeds a certain value [4]. 

Increasing the fracture resistance (or fracture toughness) of such coatings is becoming increasingly 
important and is an urgent problem, since coatings must withstand increasing operational loads. Many 
methods have been developed to solve this problem: alloying with other elements, multilayer structures, 
sublayers of different hardness, etc. The application of intermediate metal layers improves the adhesion 
of the DLC to the substrate, reduces the level of internal stresses in the system [5], and increases the value 
of the critical load [6]. Equally important is monitoring the properties of the resulting coatings.

The purpose of the work  is  to  establish  the  influence of  sublayers of  titanium and copper on  the 
structure, physical and mechanical properties and fracture toughness of thin diamond-like coatings us-
ing atomic force microscopy and nanoindentation.

Method for determining the fracture toughness of thin coatings. One of the methods for deter-
mining fracture toughness is indentation (in particular, the Vickers method). When an indenter is intro-
duced under a critical load into a thin coating, several stages of deformation of the coating occur [7, 8]:

stage 1: the first through crack appears (radial or circular crack);
stage 2: with increasing load, the crack opening increases and the coating delaminates and cracks;
stage 3: secondary through cracks appear, the coating partially or completely peels off from the sub-

strate [7, 8].
This method cannot always be applied to the coatings due to high loads, under which the parameters 

of the substrate may affect the results during indentation into the coating. Fracture toughness is quanti-
tatively characterized by the critical stress intensity factor KIC. Accurate determination of KIC coatings 
without influence of the mechanical properties of the substrate requires rather complex measurements 
and/or  sample preparation  (for  example,  the production of  transverse  sections)  [9]. The  scientific and 
technical literature mainly describes the results of studies of coatings with a thickness of 100–400 μm. 
When indenting such coatings, the substrate does not affect the values of the mechanical properties and 
the fracture toughness [10–12]. To determine the KIC of coatings with a thickness of less than 100 μm the 
nanoindentation method [7, 13, 14] and the energy method of calculation based on penetration curves, 
which represent  the dependence of  the applied  load on  the penetration depth, are often used. But  the 
nanoindentation method  is  limited by  the maximum  loads of  the  indenter. Also,  the nanoindentation 
method for determining KIC, in addition to indentation curves, requires visualization of all indentations, 
since the calculation is impossible without determining the length of cracks formed near the indentation 
imprint. Accurate measurement  of  the  crack  length  guarantees  the  correct  calculation  of  the  critical 
stress intensity factor. When carrying out nanoindentation, data are obtained on the applied load P and 
the corresponding indentation depth in the form of a function of the dependence P =  f(h) or load-un-
loading  curves  (Figure 1, a). The  total mechanical work Wtotal  performed during  indentation  consists  
of plastic Wpl and elastic Wel deformations (see Figure 1, a), that is

  Wtotal = Wpl + Wel.  (1)

This is an ideal situation [8]. In reality, the total mechanical work includes the energy of thermal dis-
sipation Wtherm at the moment of indentation and the creep energy of the material Wcreep [8]:

 Wtotal = Wpl + Wel + Wother,  (2)

where Wother = Wtherm + Wcreep.
When a crack forms in a material during indentation, some part of the total mechanical work is spent 

on the formation of a crack Ucrack and cracking of the coating occurs [8]: 

 Wtotal = Wpl + Wel + Wother + Ucrack.   (3)
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In this case, a “shelf” appears on the load-unload curve (Figure 1, b). By finish building a triangle 
on the “shelf” and determining its area, it is possible to determine the energy spent on the formation  
of a crack in the coating Ucrack, that is, Ucrack ~ S(ABC) [8].

When determining fracture toughness using this method, two types of cracks may form in the coat-
ing (Figure 2) [8, 15, 16]. The first type is cracks that form from the center of the imprint and spread 
along the diagonals of the imprint (see Figure 2, a). These cracks occur when the coating is applied to 
a hard substrate. The second type is cracks that form along the edges of the imprint (see Figure 2, b). 
Such cracks occur when the coating is applied to a soft substrate.

The cracks type that formed determines the choice of formula for calculating the critical stress in-
tensity factor [7]. Depending on the type of cracks formed, there are different formulas for calculating 
KIC. For the first type, the formula is used [8]
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meana – the average length of the diagonal indentation from the Berkovich 

indenter, which is determined from the values a1, a2 and a3 (see Figure 2, b), m; s – distance between 
cracks in the imprint, m; cR – crack length from the center of the imprint, m; E – elastic modulus  
of coating, GPa; t – coating thickness, m; ν – Poisson’s ratio. 

а                                                                                                    b

Figure 1. Indentation curve without fracture (a) and with partial fracture (b); Pmax – maximum load applied to the indenter

a                                                                 b

Figure 2. Cracks of two types in thin coatings during nanoindentation: a – the first type; b – the second type
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Materials and research methods. The studies were carried out on diamond-like coatings with 
a thickness of 200 nm, deposited on a vacuum installation UVNIPA-1-001. 

To deposit the intermediate layer of metal, titanium grade VT-100 (degree of chemical purity 99.9 %) 
and copper grade M1 were used. The negative bias potential on the table with the samples was 150–200 V. 
The electric arc evaporation current of the metal was 70 A. A graphite target (chemical purity 99.5 %) 
was used as one of the electrodes for a pulsed cathode-arc evaporator. APPs were deposited at a dis-
charge voltage of 250–300 V and a carbon plasma energy of ~100 eV. The frequency and number of 
pulses were chosen in the range of 3–20 Hz and 370–3000, respectively. A single-crystal n-Si plate 
with (111) orientation was used as a substrate. Previously, the substrates were etched with argon ions for  
15 min at an Ar+ ion energy of 4 keV and an ion current density of ~ 25 A/m2. Thin diamond-like coat-
ings had the following composition: two-layer DLC/Cu and two-layer DLC/Ti. The thickness of the 
individual Cu and Ti layer is 200 nm.

Raman spectra were performed on a Senterra Raman microscope (Bruker, USA). The spectral range 
was 600–2500 cm–1. The spectra were excited with radiation at a wavelength of 532 nm and a power  
of 5 and 10 mW. The samples were set to the same spectra recording modes.

The structure of the DLC surface was studied on an atomic force microscope (AFM) Dimension 
FastScan (Bruker, USA) in PeakForce QNM mode using a standard silicon cantilever MPP-12120-10 
(Bruker, USA) with a tip radius of 10 nm and a cantilever stiffness of 4.8 N/m.

The mechanical properties (elastic modulus E and microhardness H) were determined using 
a Hysitron 750 Ubi nanoindenter (Bruker, USA). Nine indentations were performed with a load of 10 mN 
and with an increasing load using a Berkovich diamond indenter with a tip radius of 60 nm.

The fracture toughness of DLC on Ti and Cu sublayers was measured by nanoindentation and ener-
gy calculation method using indentation curves. To do this, 9 indentations were performed with a maxi-
mum load of 10 mN, then the deformation area (indentation marks) was scanned using AFM. Depending 
on the type of deformation, the calculation formula was chosen – (4) or (5).

Results and discussion. In the Raman spectra of DLC, they are represented by a characteristic peak 
in the range from 1000 to 1800 cm–1 [17]. This peak is decomposed using the Gaussian function [18] into 
two – D- and G-peak. The D-peak is located between 1350 and 1500 cm–1 and is associated with a ma-
trix of sp2-hybridized carbon atoms containing inclusions – sp3-hybridized atoms (Figure 3, Table 1).  
In turn, the G-peak is located near 1560–1580 cm–1 and correlates with sp2-clusters [19, 20].

T a b l e  1. Results of mathematical processing of Raman spectra

Coating
D-peak, sm–1 G-peak, sm–1

ID/IGPosition Width Position Width 

DLC/Cu (5 mW) 1445 197 1563 188 0,38
DLC/Ti (10 mW) 1438 245 1554 207 0,30

а                                                                                              b

Figure. 3. Raman spectra of the diamond-like coatings (DLC): a – DLC/Cu; b – DLC/Ti
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From the analysis of Table 1 it follows that DLC formed on a copper sublayer, according to rela-
tion (6), are characterized by smaller sizes of sp2-clusters compared to coatings formed on a titanium 
sublayer [21]:

 ID/IG = c(λ)/La,  (6)

where ID and IG are the intensities of the corresponding peaks; c(λ) – proportionality coefficient, nm;  
La is the size of graphite clusters, nm [22].

This fact is apparently due to the chemical inertness of copper with respect to carbon. It should also 
be noted that the width of the G-peak in the case of a copper sublayer is smaller than in the case of a tita-
nium sublayer, which, according to [22], corresponds to a greater degree of structural order of sp2-clus-
ters. The shift of the G-peak towards lower wavenumbers in the case of a titanium sublayer relative to 
samples with a copper sublayer can be explained by an increase in the relative number of sp3-hybridized 
atoms in the chains and their contribution to the Raman spectrum, and can also be caused by a decrease 
in the level of internal stresses as a result of the interaction of titanium and carbon [23]. In turn, the 
increase in the number of sp3-hybridized atoms can be relative due to the formation of titanium carbide 
(titanium carbide is not detected by Raman spectroscopy) as a result of the interaction of free sp2-hy-
bridized atoms and titanium, that is, the number of sp3-hybridized atoms remains constant, the number  
of free ones decreases sp2-hybridized atoms.

The morphology of the initial surface of the DLC in fields of 1 × 1 µm2 is shown in Figure 4. As can 
be seen from the images, the surface structure of the DLC deposited on a copper sublayer has a smooth-
er relief. Meanwhile, the surface structure of the DLC on the titanium sublayer is granular with a grain 
size from 150 to 200 nm. The surface roughness of DLC/Cu is significantly less than that of DLC/Ti 
(Table 2).

T a b l e  2. Diamond-like coatings surface roughness

Coating Ra [nm] Rq [nm] Rz [nm]

DLC/Cu 0.10 ± 0.01 0.13 ± 0.01 0.31 ± 0.02
DLC/Ti 0.33 ± 0.02 0.44 ± 0.02 3.17 ± 0.16

Based on the results of the study of mechanical properties, it was established that the microhardness (H) 
values of the DLC on both sublayers are almost the same (Table 3, Figure 5, b). The elastic modulus (E)  
of coatings differs (Figure 5, a): the DLC/Cu system has values in the range of 160–180 GPa, and the 
DLC/Ti system – 170–180 GPa. In this case, the value of the elastic modulus decreases with increasing 
indentation depth to 60–70 nm, and then takes constant values.

T a b l e  3. Physical and mechanical properties and KIC  
of thin diamond-like coatings on the Cu and Ti sublayers

Coating Н [GPa] E [GPa] KIC [MPa·m1/2]

DLC/Cu 17.5 ± 0.1 192 ± 1 0.49 ± 0.09
DLC/Ti 18.3 ± 0.7 202 ± 1 0.16 ± 0.06

                                                   а                                                                                b

Figure 4. AFM image (1 × 1 µm2) of the morphology of thin diamond-like coatings: a – with Ti sublayer; b – with Cu sublayer
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The microhardness at a depth of 20–30 nm increases, and at a depth of 30–80 nm it decreases and 
takes a constant value at a depth of 80–120 nm (see Figure 5, b). The obtained values of the elastic modu-
lus and microhardness are consistent with the values obtained in [24].

The mechanical properties of the upper layers of the DLC are the same. The properties of the sublay-
ers are different, but in this case they are not revealed by nanoindentation (NI). Differences in properties 
are identified when determining KIC. The critical stress intensity factor of the coatings was determined 
by nanoindentation. Based on the obtained indentation curves (see Figure 5, c), “shelves” were identified 
in the load curve, according to which it can be assumed that cracks formed in the coating during the 
nanoindentation process. On the DLC/Ti coating, the suspected crack forms at a load of 1.8 mN, and on 
the DLC/Cu coating, at a load of 2.8 mN. To confirm the formation of cracks, the prints were scanned 
using AFM (Figure 6, a, b). As a result, it was found that cracks formed on the coatings and on each 
coating these cracks propagated differently (Figure 6, c, d).

The AFM structure of the indentation imprints showed different types of DLC deformation. The 
coating on the Cu sublayer has a characteristic deformation for DLC on a soft substrate – a circular 
crack forms (see Figure 6, a). Cracks in the coating with a titanium sublayer propagate along the edges 
of the imprint (see Figure 6, b). According to the obtained patterns of crack propagation in the DLC (see 
Figure 2), it is possible to select a formula for calculating the critical stress intensity factor KIC. Cracks 

a b  

Crack on DLC/Cu (load 2.8 mN) 

c 

Crack on DLC/Ti (load 1.8 mN) 

d 

Figure 5. Elasticity modulus E (a) and microhardness H (b) depending on the indentation depth, indentation curves (c)  
and formed “shelves” (d) on thin diamond-like coatings
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formed on DLC/Cu belong to the second type (see Figure 6, c and Figure 2, b), and cracks formed on 
DLC/Ti belong to the first type (see Figure 6, d and Figure 2, a).

According to the data obtained, the calculation of KIC for DLC/Cu should be carried out accord-
ing to formula (5), for DLC/Ti – according to formula (4). The results of the KIC calculation are seen  
in Table 3. The presence of a harder titanium sublayer reduces the KIC by 33 %, as it reduces stress re-
laxation.

Conclusion. During the research, the influence of a sublayer of different hardness on the structure, 
mechanical properties and fracture toughness of diamond-like coatings was studied. A difference  
in the structure and roughness of the DLC surface has been established – the copper sublayer leads  
to a decrease in the relief and surface roughness compared to titanium. The mechanical properties  
of DLC decrease with increasing indentation depth. The microhardness of the coatings is almost the 
same. The elastic modulus is higher for the DLC/Ti system.

Deformation and cracking of DLC during nanoindentation at a maximum load (10 mN) occurs at 
a load of 1.8 mN (with a titanium sublayer) and 2.8 mN (with a copper sublayer). The AFM study 
showed different types of deformation, which made it possible to select the correct model for calculating 
fracture toughness. The presence of a softer copper sublayer increases the KIC of the coating from 0.16 
to 0.49 MPa·m1/2.

The use of high-precision probe methods for determining the fracture toughness of coatings –  
the nanoindentation method (for obtaining indentations) and the atomic force microscopy method (for vi-
sualizing indentation imprints) allows expanding the possibilities of using coatings in microelectronics 
for protection against mechanical damage, in contacting and rubbing surfaces.
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