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Abstract—Diamond-like carbon (DLC) film has drawn an 
intensive concern, but suffers from its poor toughness. 
Characterization method for the film toughness is not 
available to date, which hampers the researches for 
toughening DLC films. This work attempts to reveal the 
scratch failure mechanism from stress aspects, and then 
allows for a characterization method to determine the 
toughness with accuracy. Results show that, (a) failure 
process of the DLC film under increasing load during 
scratch duration can be divided into three stages: (I) circular 
cracks occurred on the upper surface; (II) radial cracks 
formed in the lower surface; and (III) lateral cracks 
appeared in the film due to crack converging, leading to 
delamination and spalling of the film. (b) Scratch 
morphology allows for a qualitative characterization; as for 
the film toughness unavailable from the scratch morphology, 
the value of Scratch Crack Propagation Resistance (CPRS) 
can quantitatively characterize the film toughness.  
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I.  INTRODUCTION  

DLC (diamond-like carbon) film has a strong 
application potential in green precision manufacturing 
industry due to its high hardness, smooth surface, and good 
corrosion resistance. However, DLC film subjects to a 
poor toughness as hard film [1], and its failure mode is 
abrupt catastrophic delamination in majority, which 
seriously affects its tribological application prospects. Its 
failure is primarily caused by high internal stress 
accumulated during synthesis of diamond phase in carbon 
valence bond network [2]. Two main methods to improve 
the film toughness are: (i) preparing a metal transition 
layer between the film and the substrate; (ii) doping metal 
into the DLC film.  

In essence, toughness means the energy absorption 
capacity of a film material during the transition from 
deformation to fracture. It is an important mechanical 
property relating to the cohesive force of DLC film, and 
reflects the film capacity to resist the formation of cracks 
near defects in the film due to stress accumulation. A 
method that can characterize the toughness of DLC films is 
still an unresolved issue in the way of investigating how to 
toughen these films. As thicknesses of DLC films are in 
micron magnitude in majority, it is impossible to 
characterize toughness of DLC films using traditional 

methods. Our previous results [3-5] show that, (i) the 
adhesion between DLC film and substrate can be improved 
by applying metal interface layer and metal doping; (ii) the 
adhesion is closely related to the toughness of the substrate 
and the film. Unfortunately, our previous study lacks an 
understanding of the failure mechanism of the film 
adhesion as well as an accurate toughness characterization 
method. 

Due to convenience and effectiveness, the scratch test 
is a preferred method to characterize the toughness of DLC 
films. The traditional characterization [6] method for the 
toughness is using the initial (first) critical load (Lc1) in 
scratch test to evaluate the ability of film to resist crack 
initiation and propagation. Our results demonstrated some 
exceptions. A typical example is, in case a film owns a 
good resistance to crack propagation, such film may not 
lapse immediately after approaching Lc1, but can endure 
for certain duration before its failure. In light of these 
findings, this study attempts to reveal the scratch failure 
mechanism, and then to explore a characterization method 
to determine the toughness of DLC films with accuracy. 

II. SCRATCH FAILURE MECHANISM 

A. Scratch morphology   

We conducted scratch tests on some DLC films doped 
with different contents of Ag nanocrystallites [3], and 
whose scratch morphologies are shown in Fig.1. 

As shown in Fig.1a, b, and f, for the DLC films doped 
with a relatively low metal content or an excessive metal 
content, there are many obvious cracks on the surface of 
scratch trace and some spalling around the scratch trace. 
This indicates that these films had poor resistance crack 
extension ability. On the other hand, there are several 
cracks on the scratch trace surface in Fig.1c and e, and few 
spalling occurs approaching the critical load. This indicates 
that the films have a certain ability to resist crack extension, 
but cannot resist the crack extension at high load. As for 
the film shown in Fig.1d, there is almost no crack on the 
scratch surface, and the scratch surface has a smooth 
adjacency, which implies good resistance for crack 
extension.  

We can see from Fig.1 that, the film exhibits different 
scratch morphologies under the same experimental 
condition. A variety of scratch morphologies correlate with 
varying crack extension resistance of the film around the 
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indenter tip. This means that the scratch morphology has a 
close relationship with the stress state of the film around 
the indenter tip. In this way, we attempt to explore the 
failure mechanism of scratch test from stress aspect, by 
means of formation process of the cracks. 

 

 

 
Figure 1.  Morphology images of the failure regions on the surfaces of 

the Ag-DLC films resulting from the scratch test: (a) a:C-Ag0%, (b) a:C-
Ag5.3%, (c) a:C-Ag9.3%, (d) a:C-Ag15.2%, (e) a:C-Ag24.6% and (f) 

a:C-Ag31.8%. 

B.   Failure mechanism of scratch test 

During the scratch test, a scratch trace on the film 
surface is produced by indenter. The load on the indenter 
tip causes a shear stress in the indentation region edge, 
which is directly proportional to the applying load. In 
addition, the film before the indenter tip endures 
compressive stress, whereas the film behind the tip endures 

tensile stress. The tensile stress may lead to the cohesive 
and adhesive failures of the film, which are manifested by 

crack initiation and extension or the separation between 
the film and the substrate. 

Fig.2 shows the possible mechanism of crack initiation 
and extension in a Me (metal)-DLC film during scratch 
test. With load increasing, the failure process of the film 
can be divided into three stages as follows. 

(I) Circular cracks are initially formed behind the 
indenter (Fig.2-I). The friction on the film increases as the 
load increases, i.e., the tensile stress on the film behind the 
indenter increases with increasing load. Cracks initiate 
when the load reaches Lc1, and extend to form circular 
cracks paralleling with the indenter. 

(II) Radial cracks are formed at the interface between 
the film and substrate (Fig.2-II). The film bends due to the 
vertical pressure from the indenter. The upper surface of 
the film endures a compressive stress, whereas the lower 
surface of the film endures a tensile stress. Thus radial 
cracks vertical to the direction of the scratch are formed at 
the interface between the film and substrate. 

(III) As the applied pressure increases, the circular 
cracks encounter the radial cracks, and Fig.2-III shows the 
profile of the test sample. These two kinds of cracks 
further extend as the applied pressure continually increases. 
These two types of cracks converge to form lateral cracks, 
resulting in the delamination of the film from the substrate.  

Based on above analysis of the stress statuses on the 
film, we can see that micro-cracks will initiate under 
tensile stress, and then extend and converge, resulting in 
the film delaminate from the substrate The film failure 
mechanism correlates with evolution of the three stages, (I) 
circular cracks formed, (II) radial cracks formed, and (III) 
lateral cracks formed due to crack converging. The ability 
difference of crack initiation and extension resistance leads 
to different statuses of the three stages, and thus result in a 
variety of scratch morphologies. 

 

 
 

Figure 2.  Possible mechanism of crack initiation and extension in a Me-DLC film during scratch test 
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III. CHARACTERIZE FILM TOUGHNESS BY SCRATCH 

TEST 

A. Qualitative Characterization of  Film Toughness  

We can see from the above failure mechanism that the 
tensile stress and shear stress may induce the crack 
initiation and extension, or even the spalling from the 
substrate. The film evolves gradually from stage I to stage 
III under an increasing applied load. A poor crack 
initiation and extension resistance will facilitate evolution 
of the circular and radial cracks during stages I-III; 
otherwise, the cracks will difficult to initiate and extend, 
even result in part absence of the three stages. Toughness 
reflects the ability of the film to resist the initiation and 
extension of cracks, and is caused by stress accumulation 
around defects, i.e., toughness is proportional to resistance 
ability of crack initiation and extension. In this way, the 
film toughness can be qualitatively characterized through 
analyzing the crack distribution from stress aspect.  

A close observation of the scratch morphologies in 
Fig.1 lets us know that: (i) The films in Fig.1a, b, and f 
own a poor toughness, since rich delamination and spalling 
around the scratch trace illustrate a full evolution of the 
circular and radial cracks progressed during stages I-III. (ii) 
The films in Fig.1c and e own a better toughness than that 
of Fig.1a, b, and f, since the fewer cracks and spalling 
around the scratch trace imply an unfavorable evolution of 
the cracks at stage II and III. (iii) The film in Fig.1d owns 
an optimal toughness. In that almost no cracks and spalling 
can be seen in the scratch surface, leaving a smooth 
surround. The scratch morphology indicates that the crack 
was hard to initiate at stage I, and resulted in the absence 
of stage II and III. 

B. Quantitative Characterization of  Film Toughness 

1) Principle of quantitatively characterization of 
toughness 

The quantitatively characterization needs to use in 
case that the convenient qualitative characterization 
cannot determine the scratch toughness. Using the films in 
Fig.1a, b, and f as example, if difference of the films 
scratch morphology is not much, the qualitative 
characterization cannot determine whose toughness is 
better or worse, and thus we need to introduce 
quantitatively characterization for solution.  

From the stress aspect, the film scratch failure includes 
not only the initiation process of micro-cracks in which 
the stress reaches the initial critical load, but also the 
extension process of micro-cracks in which cracks 
continue to extend as the stress increases. The failure 
mechanism shows that the initial critical load can only 
represent the crack initiation load, i.e. initial critical load 
reflects stage I and II; Stage III may not happens 
immediately if a film have good toughness. In this way, 
the scratch toughness [7,8] using first critical load (Lc1) 
cannot fully reflect the film toughness. ZHANG et al [9,10] 
suggest that the film toughness is directly proportional to 
Lc1 and the difference between Lc1 and the Lc2 (second), 
and scratch crack propagation resistance (CPRS) can be 
used to characterize the toughness of a film. Since the 
CPRS value can reflect the film failure process, we use 
this value to quantitatively evaluate the film toughness. 

 

 
Figure 3.   Critical loads of different films during the scratching process: 

(a) DLC film with Cr inter layer at -100 V; (b) DLC film with Cr inter 
layer at -150 V 

Fig.3 [4] shows our scratch result for different DLC 
films. The different film toughness may result in different 
occurrence situations of Lc1 and the Lc2. In Fig.3a, when 
the critical load (Lc1) approaching to 16 N, the micro-
cracks occurred and extended rapidly throughout the pure 
DLC film, resulting in rapid film failure due to its poor 
toughness. Such films with poor toughness only have Lc1. 
In Fig.3b, due to existence of the Cr inter layer, the DLC 
film exhibits better toughness than that of the pure DLC 
film. When the load reached 21 N (Lc1), the film didn’t 
deteriorate rapidly. The cracks extended at constant slow 
rate for a relatively long duration and began to deteriorate 
until the load reached 60 N (Lc2). Such films with 
relatively good toughness have both Lc1 and Lc2. Based on 
occurrence situations of the Lc1 and the Lc2, the following 
equations can be used to calculate the CPRS of a film:  

 if Lc2 doesn’t occur during scratch test : 

CPRS = Lc1
2;                                        (1) 

 if Lc2 does occur during scratch test: 

CPRS =Lc1 *{K*(Lc2 -Lc1)}                 (2) 

Where, K represents a correction coefficient related to the 
film properties. 

2) Quantitative characterization of toughness of 
Cu-DLC film 

We use Cu-DLC film as an example to verify 
feasibility of quantitative characterization of the film 
toughness. Fig.4 shows the results of scratch crack 
propagation resistance of Cu-DLC films [5]. The 
descending order of CPRS values (Fig.4b) for five Cu-
DLC films is 1342.81 (a:C-Cu10.5 at%), 1153.62 (a:C-Cu16.2 

at%), 707.94 (a:C-Cu5.4 at%), 580.56 (a:C-Cu26.7 at%), and 
283.02 (a:C-Cu0 at%). As Cu-DLC film with a Cu content 
of 10.5 at% exhibits the maximal Lc1, Lc2-Lc1, and CPRS 
values; we suppose that this film have an optimal 
toughness among the five Cu-DLC films. Its scratch 
morphology in Fig.4c gives us evidence for confirmation. 
In this way, a combination of CPRS value and scratch 
morphology can fully characterize the toughness of a 
DLC film from stress aspect. 
 

a

b
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Figure 4.  Scratch test results of Cu-DLC films with different Cu contents: (a) critical loads (LC); (b) variation curve of the CPRS value with Cu content; 
(c) morphology image of the scratch on the surface of the film with a Cu content of 10.5 at.% 

IV. CONCLUSIONS 

Some interesting findings in our previous study inspire 
us to propose the scratch failure mechanism, so as to 
explore a characterization method to determine the 
toughness of DLC films with accuracy. The mechanism of 
scratch failure is suggested through analyzing the crack 
formation during the scratch tests of the Ag-DLC films. 
The failure process can be divided into three stages: (I) 
circular cracks formed; (II) radial cracks formed; and (III) 
lateral cracks formed due to crack converging. The 
different crack initiation and extension resistance leads to 
different statuses of the three stages, and brings 
corresponding varied scratch morphologies. 

The film toughness can be qualitatively characterized 
by observing its scratch morphology. But for the films 
possess the similar scratch morphologies, we should 
introduce scratch crack propagation resistance (CPRS) for 
solution. We are safe to suppose that a combination of 
scratch morphology and CPRS value can accurately 
characterize the toughness of a DLC film from stress 
aspect. 
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