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Abstract: Diamond-like carbon (DLC) films have a promising tribological application in green
precision manufacturing, but their toughness represents a serious issue in the way of their
application perspective. The film thickness is on the micrometer scale and makes conventional
methods unsuitable for its toughness characterization. The absence of an accepted method for
characterizing the DLC toughness has hindered the related research on the development of
toughening methods and understanding the mechanism. This work intends to explore a relatively
simple and acceptable characterization method to measure the film toughness. Moreover,
toughening mechanisms of DLC films are proposed during the characterization to reveal the
toughening mechanism. The toughness can be fully characterized through combining impact
toughness and scratch toughness. The impact toughness can be obtained by observing the size of
the indentation and the crack state around the indentation in the impact experiment. The scratch
toughness could be assessed by combining the scratch morphology and Crack Propagation
Resistance (CPRS). The improvement of film toughness should be carried out from two aspects:
preventing microcrack initiation and suppressing crack propagation. Appropriate doping of non-
carbide metal particles can effectively improve the toughness of the film, and there are seven main
factors affecting the toughening of the film. Five toughening mechanisms of non-carbide metals
from film preparation to test stage are revealed during the investigation of the change patterns.

Keywords: diamond-like carbon film; non-carbide metal doping; toughness characterization;
energy and stress; toughening mechanism

1. Introduction

Enthusiasm on the super-hardness of diamond-like carbon (DLC) films is fading during their
industrial applications, and toughness issue once-neglected is gradually emerging. Since Aisenberg
et al. synthesized DLC films using low-energy carbon ion beam, hard hydrogen-free DLC films have
drawn an intensive attention due to their high hardness, smooth surface, and good corrosion
resistance [1-5]. The hard DLC films present a broad prospect as a good tribological film in the green
precision manufacturing industry [6-9]. The industry demands urge the DLC films to have both high
hardness and high toughness. Improving the toughness of hard DLC films has been regarded as a
major influence on surface modification of precision components [10]. Poor toughness is an inherent
shortcoming of DLC films [11]. This “bottleneck” issue directly affects their industrial applications
[12,13]. Toughness is one of the fundamental mechanical properties. A film toughness involves the
film cohesion and impact load resistance. The toughness may reflect the resistance ability of the
formation of cracks due to the stress accumulation in the vicinity of the defects [14-16]. A film of high
toughness shares both a high resistance to crack initiation and a high energy absorption rate to
prevent crack propagation, so as to avoid serious failures, such as film damage and peeling during
usage. A low toughness may lead to a catastrophic failure and even accident for the equipment, as
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well as huge losses of labor forces and resources [17-19]. Using coated bearings commonly used in
ultra-deep drilling as an example, only machine halting, drill lifting, and troubleshooting may
consume hundreds of thousands of dollars per day [20].

Poor understanding of the film toughness characterization and toughening mechanism are two
huge obstacles in the way of solving the drawback. At present, some indirect methods are available
to characterize toughness, either quantitatively or qualitatively. Some proposed to measure film
toughness under specific conditions. Five main methods are commonly used: bending, buckling,
scratching, indentation, and tensile tests [21]. Such methods are at the mercy of (1) Film thickness
limitation. Fracture toughness cannot be characterized by conventional methods since the film
thickness is well below 250 um; (2) and uncertainty in parameter measurements and inability to
accurately define failure [22,23]. Consequently, no widely accepted method emerges for
characterizing film toughness to date.

With regard to toughening, doping of metal proved to be an effective method to improve
toughness of DLC films. The good ductility of doped metal inhibits the initiation and expansion of
cracks thus slows down the fracture process [24-26]. It is worth noting that the doped non-carbide-
forming metal does not react with the carbon in the film, thus directly embeds in the matrix of the
DLC as metal particles [27-30]. The non-carbide metal may be a better option as compared with its
counterpart of the carbide metal. However, a systematical report has not been found on the
toughening mechanism of non-carbide metal-doped DLC film.

In this work, we attempt to explore a relatively simple and acceptable characterization method
to measure the film toughness. Moreover, we investigate the change patterns of the layer structures
during the characterization to reveal the toughening mechanism.

2. Effect of metal doping on toughness

The structure and properties of DLC films depend mainly on their deposition methods and
doping components, where the doped metal elements affect the properties of the synthesized films
[31-34]. The doped metals can be divided into carbide and non-carbide [35]. The current research
mainly focuses on the doping of carbide. The doped metal has a strong ability to bond and form
carbide with carbon matrix, such as Ti, but it is difficult to eliminate the problem of brittle and hard
film layer, because the carbide formed is essentially a hard phase [36-39]. Non-carbide metals and
carbon do not react, such as silver and copper, there is no hard phase generation, and the inherent
good ductility characteristics of the metal can still be maintained after entering the interior of the film.
In addition, the doped particles are in the nanometer scale, which can change the particle
arrangement in the amorphous carbon matrix [40-44].

As depicted in Figure 1, Sui [45] utilized Closed Field Unbalanced Magnetron Sputter Ion Plating
(CFUB-MSIP) to deposit CrN/DLC/Cr-DLC multilayer films. Wear mechanism of as-deposited film
is shown in Figure la. Presence of Cr-DLC reduces adhesive wear by creating a lubrication transfer
layer between the film and friction pair. Additionally, the inclusion of Cr-DLC inhibits crack
propagation, resulting in improved fracture toughness. Figure 1b illustrates three-dimensional
optical profile images of wear tracks. Wear track of CrN/DLC/Cr-DLC film exhibits a distinct
appearance compared to both CrN and DLC films. Middle section of the multilayer film’s wear track
appears smooth with minimal debris. Frictional data for these films are presented in Figure 1c.
Furthermore, Figure 1d displays calculated wear rates for each deposited coating type. Remarkably,
when compared to single-layered CrN and DLC films, wear rate of multilayer film is significantly
reduced by approximately one order of magnitude. These resultant multilayer films consist of
amorphous carbon-based layer acting as lubricants alongside hard transition-metal nitride layer.
CrN/DLC/Cr-DLC multilayer film exhibits reduction in friction coefficient compared to single CrN
film. Enhanced tribological performance of the multi-layer coatings can be primarily attributed to
factors such as the incorporation of a lubricant and a robust support layer made of Cr-DLC.

doi:10.20944/preprints202311.1014.v1
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Figure 1. CrN/DLC/Cr-DLC multilayer film (a) Schematic diagram for as-deposited film; (b) Wear
tracks visualized using 3D optical profile images during sliding; (c) Frictional coefficient measured
for different friction pairs; (d) Wear rates for deposited films [45].

As depicted in Figure 2, Zhou [46] utilized ion beam-assisted enhanced unbalanced magnetron
sputtering to deposit DLC films with varying levels of Ti doping on a substrate made of 304 stainless
steel. The schematic diagram of the frictional mechanism is shown in Figure 2a. When a small amount
of Ti (1.82 wt%) was employed, the introduction of TiC nano-crystallites occurred, enhancing the film
hardness and fracture toughness while regulating carbon matrix. Consequently, this led to
exceptional performance in terms of tribological behavior. However, an excessive presence of large
TiC nano-crystallites within the DLC film can disrupt the three-dimensional structure of carbon and
subsequently reduce its hardness and fracture toughness.

The wear rates presented in Figure 2b exhibit a similar trend as that observed for the friction
coefficient. Notably, when examining wear tracks and rates, it becomes evident that the DLC film
doped with 1.82 wt% Ti showcased minimal grooves along its track compared to pure DLC film
samples. Furthermore, both width and depth measurements indicate smaller grinding cracks for this
particular composition, further highlighting its outstanding anti-wear properties. Conversely,
increasing levels of Ti doping result in more severe wear marks which signify a decline in wear
resistance quality.

As depicted in Figure 3, the Cathodic Arc Deposition technique was employed to in-corporate
Ag into DLC film with chromium interlayer on surgical stainless steel (SS) [47].

Figure 3a illustrates the profile of wear scars on both surgical SS and coated surface. Applying
Ag-DLC/Cr coating lets the wear rate drop with evidence. Figure 3b presents SEM micrographs
displaying the wear track on both surfaces. In the case of Ag-DLC/Cr, localized tensile cracking
occurs in the film at 5N, and abrasion appears at load of 10 N due to silver-doped DLC and chromium
abradant. Post-coating application, there was a four-order decrease in substrate wear rate.
Incorporating Ag into the top layer enlarges surface energy which consequently enhanced adhesion
strength between layers within the film structure.

It can be concluded from the above analysis that metal doping can effectively improve the
friction and wear performance of DLC, and carbide metal will generate carbide hard phase, which
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leads to high residual stress of film and prone to failure. Non-carbide metal in the appropriate doping
range may effectively improve the film toughness, enhance the bonding strength, and increase the
lubrication. In this way, we prepared Ag-DLC with gradient doping contents, and characterize the
film toughness from two aspects of both energy and pressure.
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Figure 2. Combined tribological performances of Ti-DLC films. (a) A diagram depicting the frictional
mechanism of these films; (b) Comparative analysis of wear rates and wear morphology results
between DLC and Ti-DLC films with varying levels of Ti doping [46].
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Figure 3. A comprehensive assessment of the structural and tribological properties of a silver-doped
DLC thin film with chromium interlayer (a,d) Wear scar profile on surgical SS surface and Ag-DLC/Cr
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surface after tribotest along with an illustration in the test; (b,e) Plastic deformation in surgical SS and
worn surface under two loads 5 N and 10 N; (¢,f) SEM micrographs for wear track [47].

3. Toughness characterization

The toughness of a DLC film depends on both the energy absorption capacity and cohesive force
of the film. In fact, the film toughness relates to the energy states as well as to the stress states of the
tips of cracks before and after fracture of a film [48-51]. We have to take both energy and stress aspects
into account during toughness characterization under complex working conditions. Scratch and
impact tests are two preferred methods, owing to their convenience and effectiveness. They also have
two drawbacks. (1) Scratch toughness does not really mean toughness, because it is only an indication
of toughness [52]. (2) The data of the impact test may not be reliable because of the uncertainties in
the crack length measurement [53]. Three main uncertainties that may induce deviations during
scratch and impact tests are the initial value of crack formation, the substrate influence, and crack
length measurement [54].

3.1. Characterization of impact toughness

Impact test can be conducted to investigate the energy states of a film before and after fracture,
and can serve to evaluate film toughness from the energy aspect [55-58]. Figure 4-Energy shows the
possible failure process of a Me (Metal)-DLC films during impact test, and the failure process of the
film can be divided into three stages.

Energy:

Load Load
| - naion ‘ v ‘Unloading
N —

*Radial cracks

substrate

Sltress:

Ring cracks

Lateral cracks

Impact times/load

Figure 4. Diagram of failure processes from energy and stress aspects. The positive direction of the
horizontal axis in Figure 4 indicates the gradual accumulation of energy or stress during toughness

characterization.

Stage I (Figure 4-Energy I). The film shows only part of elastic deformation due to few times of
impact. Dislocations accumulate at the defects in the edge of plastic deformation region. With
increase of impact times (Figure 1-Energy II), a further accumulation of the energy may let the cracks
extend to initiate ring cracks on the upper surface.

Stage II (Figure 4-Energy III). The accumulation of energy induces the film to start bending. The
deformation of the sub-surface of the film is larger than that of the upper surface. Vertical to the film,
the radial cracks may initiate on the sub-surface, and propagate from bottom to top.

Stage III (Figure 4-Energy IV). The energy gathered during loading may continue to provide the
energy for crack propagation. The annular and radial cracks may continuously propagate, and their
close contact may lead to the film peeling.
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Consequently, the continuous energy accumulation results in the ring, radial, and transverse
cracks in sequence, as shown in the three stages.

Yu et al. [59] evaluated the toughness of DLC films with six Ag contents in an impact test, and
compared their impact morphologies. Under a driving force of 5 kN, SisN4 ceramic ball was used to
impact the film for 2x10° times in the test duration. The impact toughness is characterized through
jointly observing the morphologies of crack, failure zone and peeling. In addition, doping Ag in the
DLC film could improve its toughness, and different Ag contents had different toughening effects.

Figure 5a,b show large white failure regions occurred around the impact cavities since large
amounts of circular cracks encounter radial cracks. The two films subject to severe delamination, and
have poor toughness. Their cracks undergo evident initiation and propagation during Stages I-III.

Figure 5c,f show that fewer white failure regions and delamination occurred around the impact
cavities. The cracks may only initiate at Stage II and propagate during a short period of Stage III.
Thus, the two films exhibit moderate toughness.

Figure 5d,e evidence that the impact cavities have clear profiles, and no visible cracks occurred
around the impact cavities. We can infer that the two films have good toughness.

Consequently, using impact test may allow to evaluate the ability of film to absorb the impact
energy and characterize the impact toughness. The impact energy evaluates the fatigue wear
resistance of a DLC film, and the impact test characterizes the impact toughness under loading
conditions. The problem is that this method cannot distinguish the films with similar morphologies,
such as DLC films doped with 24.6% Ag and 15.2% Ag (Figure 5d,e). Furthermore, DLC films tend
to be used under sliding rather than cyclic loading condition. We thus have to introduce another
characterization method, the scratch test.

Figure 5. SEM images of cavity areas of Ag-DLC films with six Ag contents in impact tests. (a) C-
Ag0% and (b) C-Ag5.3% exhibited large white failure regions; (c) C-Ag9.3% featured fewer white
failure regions and delamination occurred around the impact cavities; (d) C-Agl5.2% displayed
impact cavities with clear profiles, and no visible cracks occurred around the impact cavities; (e) C-
Ag24.6% showed that the impact cavities have clear profiles, and no visible cracks occurred around
the impact cavities; (f) C-Ag31.8% with fewer white failure regions and delamination occurred
around the impact cavities.

3.2. Characterization of Scratch Toughness

The scratch test investigates the stress state of a crack tip as follows. Figure 4-Stress shows a
possible failure process of a film during scratch test, and the process can be divided into three stages.

Stage I (Figure 1-Stress I). The circular cracks initiate behind the indenter when the load reaches
the critical load, and propagate in more circular cracks as the pressure increases.
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Stage II (Figure 1-Stress II). The upper surface endures compressive stress, whereas the sub-
surface experiences tensile stress. The vertical pressure downward from the indenter may make the
radical cracks form at the interface between the film and the substrate.

Stage III (Figure 1-Stress III). The film may delaminate from the substrate in that the circular
cracks encounter the radial cracks to form transverse cracks.

Normally, the initial critical load (L) of the scratch test can be used to evaluate the scratch
toughness of the film [60]. It is worth noting that some films with good toughness may not fail
immediately when the La occurs, but may sustain for a period till the second critical load (L) is
reached [61]. This suggests that the film toughness is also associated with the second critical load
(Le2).

Zhang et al. [62] indicated that the toughness of a film is directly proportional to La and the
difference between La and Le, and introduced CPRs (Crack Propagation Resistance) to characterize
the scratch toughness. CPRS can quantitatively evaluate the fracture toughness, but not the scratch
toughness.

Figure 6a,b demonstrate that Cu doping increases both L1 and the difference between Le- La as
well as CPRS values. The film with a Cu content of 10.5 at.% displayed optimal toughness among all
five Cu-DLC films due to its maximal values of Le, Le- Lai, and CPRS. As shown in Figure 6b, there
is a positive correlation between CPRS value and Cu doping content initially; however, this
relationship becomes inverse when the doping content reaches 10.5 at%. In Figure 6c, we observe few
cracks or peeling on the scratch trace of the Cu-DLC film containing 10.5 at.% copper during testing
indicating excellent toughness properties for this particular composition.
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Figure 6. Scratch tests of Cu-DLC films with different Cu contents. (a) variation curve of the critical
loads (Lc) value with Cu induces an increase of the values of Lci, Le- La; (b) variation curve of the
CPRS value with Cu induces values of La, Le- Lei; (€) morphology image of the scratch trace on the
Cu-DLC film with a Cu content of 10.5 at. %.

The optimal toughness of Cu-DLC using CPRs value was consistent with that from the results
of morphology observation. Consequently, the scratch toughness may be determined through jointly
analyzing the value of CPRS and scratch morphology. As for the drawback of impact test, Yu et al.
[63] evaluated the scratch toughness of DLC films with six Ag contents in a comparative observation
of the scratch morphologies in scratch test.

Figure 7 displays optical micrographs of the failure regions of DLC films with six Ag contents
in scratch test. The films with different Ag doping contents exhibit different toughness behaviors.
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Figure 7. Optical micrographs of the failure regions of the Ag-DLC films with six Ag contents in
scratch tests. (a) C-Ag0%; (b) C-Ag5.3%; (c) C-Ag9.3%; (d) C-Agl5.2%; (e) C-Ag24.6%; (f) C-Ag31.8%.

Figure 7 shows optical micrographs of the failure regions of DLC films with six Ag contents in
scratch test. The films with different Ag doping contents exhibit different toughness behaviors.

Figure 7a,b,f indicate that DLC films doped with low content or excessive content have poor
toughness. When a low load is applied, brittle crack may initiate due to the inability of these films to
resist the crack initiation.

Figure 7c,d,e infer that the films exhibit better toughness. As is shown in Figure 7c, the
discrepancy in the deformation degree between the film and substrate results in the failure under a
high load

As compared with Figure 7e, DLC film doped with 15.2% Ag in Figure 7d presents better
properties. The scratch trace is smoother, and no apparent cracks can be observed. A close
observation reveals that DLC film doped with 15.2% Ag has a superior scratch toughness in vivid,
whereas the impact toughness of two DLC films doped with 24.6% Ag and 15.2% Ag could not be
distinguished due to similar morphologies in the impact test.

From the above data, the use of impact test or scratch test alone can only characterize the
toughness of the film under certain service conditions. A complementary combination of impact
toughness and scratch toughness may become an applicable characterization method of the film
toughness. The impact toughness is derived from comparing of the impact morphologies, and the
scratch toughness from CPRs value and the morphologies.

4. Toughening mechanism

The failure processes outlined in the toughness characterization above suggest that fracture
initiation and propagation are the root causes of film failures. In the final section, we will present five
toughening mechanisms of DLC films doped with non-carbide metal in the form of illustrations. A
combination of the two processes of film manufacturing and toughness test serves as an illustration
of the toughening mechanisms.

Figure 8 presents five toughening mechanisms of DLC film doped with non-carbide metal. The
toughening mechanisms are illustrated in a combination of two processes of film fabrication and
toughness test. In Figure 8, the black dotted line means the toughening mechanism, and the five
gradual patterns correspond to the five mechanisms (I-V) accordingly. Seven influential factors are
denoted in red letters (a-g). The positive direction of the horizontal axis indicates a duration from the
film fabrication to the toughness characterization test.
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Figure 8. Toughening mechanisms of DLC film doped with non-carbide metal. (a) the film-forming
particles bombardment during film deposition; (b) two statuses of film formation before and after the
doping; (c) plastic deformation does not occur before loading; (d—f) three change patterns due to the
metal doping; (g) the cracks begin to extend due to subsequent energy accumulation or pressure rise.

Mechanism I. Figure 8a shows the film-forming particles bombardment during film deposition.
Compressive stress may be formed inside the film due to the bombardment. The particles with
suitable energy may reduce the internal stress to inhibit crack initiation [64].

Mechanism II. Figure 8b displays two statuses of film formation before and after the doping.
Prior to the doping, “atomic clusters” in the amorphous carbon matrix have large particle sizes and
few boundaries. The metal particles doped may disturb the clusters’ boundaries, and the carbon
atoms tend to distribute around the metal particles. This results in formation of some new “atomic
clusters”, having a much smaller particle size than that of the original “atomic clusters”. There are
two aspects here: (i) reduced stress concentration, owing to the particle size decrease which is
favorable to inhibit crack initiation [65-67]. (ii) ductile doped metal particles slip through grain
boundaries to inhibit crack propagation, in that the number of boundaries of the new “atomic
clusters” is far more than that of the original carbon “atomic clusters” [68-70].

Mechanism III. Figure 8(cl) indicates that plastic deformation does not occur before loading,
and there is repulsive interaction between carbon atoms. After applying the load (Figure 8(c2)),
carbon atoms are distributed around the metal particles, the movement of carbon atoms becomes
slow due to the weakened repulsive interaction. As a result, a decline in the degree of accumulation
of dislocations at the defects may partly inhibit crack initiation.

Mechanism IV. Figure 8d—f exhibits three change patterns due to the metal doping. The pressure
comes from the pressure needle or pressure ball, and the doped metal particle may have an important
“ligament” role to inhibit crack initiation and propagation due to its ductility nature. (i) Stress
accumulation may reduce by plastic deformation. There is friction (f) at the interface between
different particles during loading, and the metal particles may undergo a plastic deformation (the
yellow circular metal particle deforms into oval one, as shown in Figure 8d). Stress accumulation is
reduced because doping metal particles absorb energy during plastic deformation, and the stress field
inside the film is relieved accordingly. (ii) The strain field is relaxed at the crack tip (Figure 8e). When
the orange crack tip encounters the metal particles, the crack tip propagation stops since the metal
particles absorb the energy required for crack tip propagation. (iii) Bridging crack and yielding of the
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ductile phase act as “ligaments” (Figure 8f). In Figure 8(f1), two sides of a crack encounter the same
metal particle, the metal particles bridge the crack to inhibit the crack propagation. In another case,
two sides of the crack encounter different metal particles (Figure 8(£2)), the metal particles may absorb
the energy of crack propagation yielding deformation to inhibit the crack propagation.

During crack propagation, the crack tip may encounter either “atomic clusters” or the
boundaries of “atomic clusters”, and the crack tips are more likely to propagate into the boundaries.
An excessive amount of doping metals may lead to a leap of the boundary. The corresponding rise
of probability and space of crack propagation may induce a drop in the crack resistance. As a result,
only appropriate amount of the doped metal can improve the film toughness with efficiency.

Mechanism V. Figure 8g shows that the cracks begin to extend due to subsequent energy
accumulation or pressure rise. When a crack encounters a soft metal particle with relatively low shear
strength, the stress field inside the film may relieve by shearing the metal particle [71-75]. It is worth
noting that an excessive doping of soft metals may be adverse to the toughness due to an obvious
drop in hardness.

5. Conclusion

The inherent weak toughness of DLC film restricts its industrial applicability. There is no unified
toughness characterization method due to the low thickness of the film and the erroneous parameters
of the current methods. Doping of non-carbide metal is introduced to improve the film toughness
and is evaluated during toughness characterization. This allows us to propose the toughness
characterization method and toughness mechanism.

The toughening may result from synthetic effect of the five mechanisms. It is tricky to see that,
Mechanisms I and III imply that the toughening is simply proportional to the content of the metal
nanoparticles. Mechanisms II, IV and V infer that the toughening may be inversely proportional to
the doping content, in case that the content exceeds an inflection point. In accordance with our
experimental results, Mechanisms II, IV and V are thus regarded as primary driving forces for
toughening.
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