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Abstract 

Improving the fatigue resistance of DLC coatings under highly loaded repetitive contact is an 

important step to increasing their performance in demanding applications. The nano-impact 

test has been shown to be effective at highlighting differences in resistance to contact damage 

in thin hard carbon coatings deposited on hardened steel. A novel micro-scale rapid impact test 

capability capable of producing repetitive impacts at significantly higher strain rate and energy 

than in the nano-impact test has been developed recently enabling the study of coating fatigue 

with less sharp spherical indenters than in the nano-impact test.  

Results with the new micro-impact technique on two commercial hard carbon coatings 

(Graphit-iC and Dymon-iC from Teer Coatings) on tool steel are presented. The role of coating 

mechanical properties on the fatigue resistance and the load-sensitivity of the impact failure 

mechanism is discussed. The harder coating with higher sp3/sp2 bonded C (Dymon-iC) was 

found to be significantly less durable under fatigue loading than the softer Graphit-iC. Reasons 

for the observed differences are discussed. 

 

1. Introduction 

Amorphous carbon films (commonly known as Diamond-like carbon or DLC) combine high 

hardness and wear resistance with low friction and are increasingly used as protective coatings 

in wide ranging industrial applications in automotive engines, as coated tools, and also in 

biomedical and MEMS devices, as antireflective coatings and in corrosion protection [1-4]. 

Their mechanical properties can be tuned to meet different requirements by changing the 

hybridisation of carbon atoms and the hydrogen content in the films [1]. The carbon-carbon 

bonding in amorphous carbon films is predominantly a mixture of C-C sp3 (diamond) and C-C 
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sp2 (graphite) [5]. To an extent hardness and wear properties are controlled by the sp3/sp2 ratio. 

Adding hydrogen increases sp3 bonding and makes the coatings more diamond-like. 

The performance of DLC coatings in many of these applications is limited by their resistance 

to contact damage [6,7] and typically they behave poorly at higher load despite being hard and 

elastic. Jiang and Arnell have shown that in pin-on-disk tests DLC films that exhibited very 

low rates of wear under low contact pressure sliding were susceptible to abrupt increases in 

wear rate as the pressure increases beyond a critical threshold at higher load [8]. The problem 

is exacerbated with hard DLC films are deposited on more ductile (soft/compliant) substrates 

which provide inadequate load support at higher load. Cracking of DLC films on various 

relatively soft and lower modulus substrates (TiAl64V [6-7], stainless steel [9], glass [10,11], 

aluminium [12]) on spherical indentation by small (5 or 10 µm) end radius diamond probes has 

been extensively studied with focussed ion beam (FIB) employed to determine sub-surface 

cracking. In these cases pop-ins during loading are commonly seen. Plastic deformation of the 

substrate is followed by circumferential cracks at the edge of the indent and radial cracks 

underneath the indent, which can ultimately result in cohesive and adhesive failures [6,9]. 

Common strategies to improve the resistance to contact damage include deposition of adhesion 

promoting interlayers, multilayering, changing sp3/sp2 through bias control, gradient layers, 

metal doping, deposition of load-supporting sub-layers [13-25]. Bernoulli and co-workers have 

reported that for biomedical applications deposition of a ductile -Ta interlayer with elastic 

properties close to that of the DLC film was able to reduce the severity of ring cracking when 

indented by a 10 m probe to 500 mN, which finite element analysis (FEA) suggested was due 

to the stress being distributed across the coating-interlayer and interlayer-substrate interfaces 

[6]. Hard DLC films commonly have high compressive internal stresses. Metal doping can 

effectively lower these stresses. To improve the bonding between the covalent bonded carbon 
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film to the metallic substrate interlayers which are chemically compatible with both the film 

and substrate (e.g. W, Cr) have been demonstrated to improve adhesion. A further refinement 

is a graded interlayer design from metallic to carbide to pure carbon which can reduce stresses 

in the a-C layer and improve adhesion [3,13,14,25]. Metal doping – e.g. by chromium – 

promotes sp3 to sp2 and lowers stress [26]. Zhang and co-workers showed that the Id/Ig ratio 

was directly related to the substrate bias [24]. An alternative approach to stress control without 

metal doping is to alter the substrate bias through the deposition, bias-grading or multilayering 

with alternate high- and low- bias to produce hard-soft layers, or do produce maximum stiffness 

at a controlled depth [11, 18, 23]. Duplex surface engineering has been employed to increase 

the load-carrying capacity of soft metallic substrates. Dong and co-workers reported plasma 

carburizing of stainless steel to produce a carbon-rich S-phase case layer prior to a multilayer 

deposition (columnar Cr interlayer, graded Cr/C multilayer, amorphous Cr doped carbon layer) 

[20], and boost-diffusion oxidation of Ti6Al4V prior to deposition of similar a-C coating 

system [21]. 

Improved performance has been shown in indentation tests with relatively sharp spherical 

indenters, in scratch tests and in pin-on-disk wear tests but for many applications it is also 

important to evaluate the coating performance under more complex loading conditions, where 

repetitive impact or impact-sliding may occur. Under repetitive contact conditions the coatings 

may even show weakening behaviour. Bouzakis and co-workers reported that whilst thin a-C 

top-layers could improve the fatigue resistance of TiAlN coatings on hard steel, the number of 

impacts required for total removal of CrN on steel was dramatically reduced by the addition of 

a a-C:H top layer to the coating system [27]. In impact sliding of DLC coated Ti6Al4V and 

CoCr the DLC coating reduced the durability due to the formation of hard particles which 

caused micro-cutting and severe third-body abrasive wear [28]. 
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At the macro-scale coating impact resistance is commonly evaluated in non-depth sensing tests 

with indenters of WC-Co, hardened steel [29] or silicon nitride [30], typically with radii of 2.5 

or 3 mm [30-34] although smaller radii (e.g. around 1 mm) have also been used [35-40]. 

Although simple in principle, these macro-scale impact tests have certain drawbacks which 

limit their usefulness. As they are not depth-sensing the exact time at which the coating fails is 

not clearly defined; it is only possible to say that the coating has survived or failed after the test 

is ended. The tests are time-consuming and due to the large size of the test probe the response 

is averaged out over a larger area of the coating surface making it insensitive to e.g. situations 

where the fatigue behaviour varies across a sample (for example through coating thickness 

variation or mechanical property variation). The failure criterion itself is somewhat arbitrary 

[30] with average measures such as failure area at a given number of cycles being used [27]. 

The coating wear depth at the end of the test has as a failure criterion been used but this requires 

time-consuming FIB sectioning to deconvolute the coating wear from substrate plasticity [37-

38]. Although the fatigue mechanisms can vary with the ratio of coating thickness to the 

indenter radius [41] the macro-scale tests are necessarily over a limited range of h/R values 

which are very low. Under these conditions the peak stresses are well into the substrate and the 

coating contribution to the overall fatigue behaviour may be reduced and the results more 

strongly influenced by the substrate hardness and toughness as has also been reported in erosion 

testing under severe conditions [42]. 

Improved understanding of the evolution of coating damage is possible by nano-impact testing 

which utilises the depth sensing capability of a nanoindentation system (NanoTest) to perform 

impact indentation testing at strain rates several orders of magnitude higher than in quasi-static 

indentation. The high strain rate contact in this test can provide much closer simulation of the 

performance of coatings systems under highly loaded intermittent contact and the evolution of 

wear under these conditions. In practice, studies have reported a strong correlation between 
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coating performance in the nano-impact test and life of coated tools in high speed machining 

of hard-to-cut materials [43], and in solid particle erosion testing [44]. A cube corner diamond 

indenter whose geometry induces high contact strain is often chosen as the test probe, as this 

high contact strain is beneficial in inducing fracture within a short test time. Benefits of 

assessing coating fatigue resistance with the nano-impact test include:- (i) short duration of the 

experiments compared to conventional tests allowing rapid screening to evaluate the 

performance of novel coating compositions (ii) multiple rapid tests possible on single samples 

(iii) flexibility to alter loading level and severity of impact loading (iv) accurate recording of 

cycles to failure (v) information on the fatigue failure mechanism. 

By changing the applied load and probe geometry in an impact test, it is possible to alter the 

severity of the test and to move the positions of peak impact-induced stresses relative to the 

coating-substrate interface. A new micro-impact test capable of applied loads in the micro- 

range (~0.5-5 N) has recently been developed. The energy supplied per impact is the product 

of the impact load and accelerating distance [45]. The maximum energy supplied per impact 

with the micro-impact technique is around 2 orders of magnitude greater than the maximum 

possible in the nano-impact technique. It retains the intrinsic depth-sensing capability of the 

nano-impact test enabling the progression of the wear process to be monitored throughout the 

test, combined with the opportunity to use probes of less sharp geometry. The use of blunter 

probes prolongs the life of the tip and reduces the requirement of monitoring probe sharpness, 

simplifying the testing. In this work, we have used the new micro-impact capability to 

investigate the impact fatigue resistance of a-C:H and a-C films produced by sputter and by 

hybrid sputter CVD deposition respectively. The coatings were deposited on a hard steel 

substrate (M42 tool steel) providing enhanced load support. Both of these coating systems have 

been shown to have high wear resistance in pin-on-disk tests in air and under lubricated 

conditions [14-17, 19-22]. Carbon-chromium coatings produced by the unbalanced magnetron 



7 
 

sputtering have been reported to have a graphitic structure with no long range order [14-17]. 

The predominantly sp2 bonding can impart low stress and improve adhesion, particularly with 

the addition of chromium to soften and toughen the coatings [46]. The hardness of sputtered a-

C is commonly in the range 12-18 GPa although, it is possible to produce significantly harder 

films if there is no metal doping [15,23,24]. Increasing the sp3/sp2 ratio leads to higher hardness 

but also larger residual stress which causes cracking and/or delamination under high loading 

applications [22]. 

The main aims of the study were (i) to use the novel micro-impact test to improve our 

understanding of the fatigue failure of hard coatings deposited on hard substrates (ii) compare 

to nano-impact (much higher h/R) and macro-impact (much lower h/R). Mechanistic 

information obtained by following the evolution of the depth during the test is complemented 

by SEM, EDX and Raman analysis of the impact craters. By performing micro-scratch tests 

with the same probe as the micro-impact tests comparative information regarding the severity 

of the tests was also obtained. 

 

2. Experimental 

2.1 Coatings 

The two coating systems tested were compositionally graded a-C (Graphit-iC [14-17,45]) and 

a-C:H (Dymon-iC [16-17]) coatings deposited on M42 tool steel. The amorphous carbon 

coating Graphit-iC was deposited from solid carbon (graphite) and chromium targets in an 

industrial closed field unbalanced magnetron sputter ion plating (CFUBMSIP) system. After 

deposition of a 0.4 µm adhesion promoting Cr layer, a ramp layer was produced by gradually 

decreasing power on the Cr targets and increasing the power on the carbon targets followed by 
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Cr doped C top layer. The hydrogenated Dymon-iC was deposited using a Teer hybrid 

unbalanced magnetron sputter ion plating/PECVD system. A Cr bond layer was followed by a 

CrC base layer using butane gas, and finally an a-C:H top layer with d.c. bias and RF electrode 

for supplementary plasma enhancement. The Graphit-iC had a total coating thickness of 2.5 

m and the Dymon-iC a total coating thickness of 2.8 m. The Ra surface roughness of the 

coatings determined from line profiles at low load in multi-pass micro-scratch tests (NanoTest 

Vantage) was 45 nm for Graphit-iC and 34 nm Dymon-iC. Mean values were from five repeats 

on Dymon-iC and 10 on Graphit-iC.  

2.2 Mechanical characterisation 

Nano- and micro-scale mechanical characterisation was performed with a NanoTest system 

(Micro Materials Ltd., Wrexham, UK) with a low load (0-500 mN) head for nanomechanical 

testing and a high load (0-30 N) head for micromechanical testing. The previously published 

[47-48] nanomechanical data is summarised in Table 1(a). Due to the high surface roughness 

the H and E are mean values determined from >60 indentations to 200 nm. The maximum 

indentation depth of 200 nm is under 10 % of the coating thickness. The choice of 200 nm 

reflects a compromise to minimise the influence of the high surface roughness and the elastic 

properties of the substrate on the measured elastic modulus. Previously published nano-impact 

data are summarised in Table 1(b) [47-48]. 

Micro-indentation, micro-scratch and micro-impact tests were performed on a NanoTest 

Vantage (Micro Materials Ltd., Wrexham, UK) using the same spheroconical diamond probe 

for all the tests. The end radius of this nominally 25 m probe was determined as 18 µm by 

spherical indentation testing on fused silica.  

Spherical micro-indentation tests were performed over a range of loads up to 3.5 N on Dymon-

iC and 12 N on Graphit-iC loading in 20 s, 30 s hold at peak load and 5 s unload, with thermal 
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drift assessed from a 60 s hold at 90% unloading. Micro-scratch testing to 5 N was performed 

using a 3-scan procedure. The procedure involved 3 sequential scans, topography-scratch-

topography, at 20 m/s, always in the same direction. These were (i) pre-scan: scanning at 0.2 

mN over a 2000 m track (no wear occurs at this load with a 18 m probe) (ii) progressive 

load scratch: the load is low (0.2 mN) over the first 200 m scan then ramping at a constant 

rate of 55 mN/s to reach 5 N at the end of the scan (iii) post-scan: with the same low load as 

the pre-scan. 5 scratch tests were done on each sample, with the scratch direction parallel to 

the machining marks, with adjacent tracks separated by 100 m. 5 tests were also performed 

on the Graphit-iC sample oriented with the scratch direction perpendicular to the machining 

marks. Friction was measured during micro-scratch tests using calibrated tangential force 

sensors. The critical loads for yield (Ly), cracking (Lc1) and total coating failure (Lc2) were 

determined from on-load and residual depth data, friction and confirmed by SEM with EDX. 

Repetitive scratch tests were performed on Graphit-iC at 1.5 N. 

To enable micro-impact tests to be performed, the high load (30 N) head of a NanoTest Vantage 

was extended below the indenter position. This adapted loading head was actuated with a large 

electromagnet capable of pulling the probe at least 50 µm away from the sample surface. The 

impact energy and effective impact force can be controlled by varying the static load and the 

accelerating distance [45]. In this study repeat micro-impact tests were performed at 0.5-2.0 N 

with the accelerating distance kept constant at 40 microns from the initial coating surface. The 

test duration was 300 s with 1 impact every 4 s, resulting in 75 impacts in total. There were 3 

repeats at each load which were separated by 100 µm. Three 1200 s tests at 2 N were also 

performed on the Graphit-iC coating. The indenter area function did not change after the impact 

tests. Raman spectra were acquired with an inVia-reflex Raman spectrometer (Renishaw), with 

Ar+ 488 nm laser. Spectra were analysed to assess the relative intensity of the D- and G-peaks, 

(Id/Ig), FWHM and G-peak position of the unworn coatings and in the centre of the impact 
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craters which were also imaged by SEM with EDX. The scanning range was from 1000 cm-1 

to 2000 cm-1 with a resolution of 1 cm-1. Before scanning the light spot was focused in the 

middle of the impact craters and three repeat measurements performed for the different craters 

at each load. The laser spot size was under 0.5 m. 

3. Results 

3.1 Microindentation and micro-scratch 

The spherical micro-indentation tests confirmed the coatings are less stiff than the steel 

substrate/other layers and the composite measured modulus increased towards expected value 

for the steel substrate as the depth increased. The critical loads for yield, cracking and total film 

failure (Ly, Lc1, Lc2 respectively) are shown in Table 2. The critical loads were higher for the 

Graphit-iC coating. SEM images of scratch tracks are shown in figure 1. There were isolated 

failure events on the Graphit-iC which did not rapidly lead to a complete Lc2 failure but on 

Dymon-iC these events were soon followed by total film failure. EDX analysis showed that 

the initial failure on Dymon-iC involved exposure of Cr whilst the isolated and total failure 

events on Graphit-iC resulted in substrate exposure. Repetitive tests on Graphit-iC at 1.5 N (a 

load well below Lc1) showed that coating failure occurred progressively over a greater area of 

the scratch track at an on-load depth a few hundred nm below that required for cracking in the 

ramped test. 

3.2 Micro-impact 

Figure 2 shows typical impact vs. time data at 0.5-2 N for (a) Dymon-iC and (b) Graphit-iC. 

On Dymon-iC after the first few impacts there is little change in depth with subsequent impacts 

at 0.5 N but at higher loads the curves are characterised by inflexions (onset of more severe 

failure) where the rate of damage is greater after (at ~230 s at 0.75 N, ~150 s at 1 N, ~70 s at 
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1.5 N and ~30 s at 2 N). They are absent on Graphit-iC over the entire range of applied load 

and the depth becomes approximately constant after a number of impacts (plateau depth). The 

number of impacts required to reach this plateau depth increases at higher load, which can be 

more clearly seen in the initial 0-60 s of the tests on Graphit-iC (figure 2(c)). The number of 

impacts to reach plateau depth (on both coatings) and number of impacts to failure of the 

Dymon-iC coating (figure 2(d)) show completely different dependencies on the applied load. 

The mean initial impact depth and depth at the end of the 300 s tests are shown in figure 3(a,b). 

The depth data in this figure are under-load, so include the elastic, plastic/fracture deformation, 

after removing the contribution from the compliance of the test frame. 

SEM reveals differences in behaviour at the lowest applied load. Circumferential cracks form 

on both samples (figure 4a,b) at 0.5 N but on Dymon-iC there is more than one crack and they 

are more continuous forming partial and complete concentric rings but on Graphit-iC only a 

single faint circumferential crack is formed whose direction is influenced by the coating surface 

morphology. On Graphit-iC this cracking becomes more established at 0.75-1.25 N and 

multiple short concentric cracks become clear at 1.5 N. From 1.75 N short radial cracks, 

extending up to 5-10 µm are observed which are deflected by the coating surface morphology 

(figure 4(c). At >0.5 N on Dymon-iC there is dramatic coating failure (figure 4(d)) which 

extends further laterally as the load increases, with wear debris observed in the centre of impact 

crater. EDX analysis of impact craters on Dymon-iC showed the presence of Cr in a region at 

the edge of the impact crater in one test at 0.5 N, but this was absent in the other tests at this 

load. In all the tests at higher load (0.75-2 N) there was significant Cr and O around the 

periphery of the impact crater, with reduction in C intensity but no substrate exposure. Chipped 

regions extending out from the impact crater showed the presence of Cr and C but with much 

less oxygen than around the periphery (4(d)). 
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Raman spectra from the unmodified coatings and in the centre of the impact craters are shown 

in figure 5 (a,b). The peak intensity ratio of the D-band to that of the G-band (Id/Ig) was 2.1 for 

Dymon-iC and 3.8 for Graphit-iC. The spectra are almost completely unchanged after the 

impact tests on Graphit-iC but differences in peak intensity ratio, G-peak position and FWHM 

were found on Dymon-iC. 

 

4. Discussion 

4.1 Correlation between coating mechanical properties and wear resistance 

The nanoindentation data summarised in Table 1 show that both coatings have broadly similar 

hardness and elastic modulus but since the harder film (Dymon-iC) is lower modulus 

significant differences in H/E and H3/E2. The values of hardness are low compared to some a-

C and a-C:H films but are close to reported values on other Graphit-iC and Dymon-iC films 

deposited by CFUBMSIP [16,17,20,21].  

The analysis of the Raman spectra shows that Id/Ig in the hydrogen-free Graphit-iC is 3.8 and 

in the hydrogenated Dymon-iC it is 2.1. The lower Id/Ig with increased hydrogen content in the 

films is in agreement with previous reports by hybrid sputter/CVD [22] and RF-PECVD [49]. 

Zhang and co-workers [50] showed that the Id/Ig and G-peak position were strongly correlated 

with the sp2/sp3 ratio measured from electron energy loss spectroscopy (EELS) analysis. The 

high Id/Ig in Graphit-iC reflects the very high sp2 fraction in this coating, as has been reported 

previously, with Zeng and co-workers reporting that Id/Ig could reach 5-9 in sputter deposited 

a-C coatings [22]. 

Differences in mechanical properties influence the coating performance in different types of 

wear test. In general very high sp3/sp2 bonding in a-C:H coatings confers higher hardness and 
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H/E, which at a given load results in closer to elastic contact and lower rates of wear in pin-on-

disk tests but can lead to reduced durability in highly loaded contacts. The Dymon-iC film has 

higher Id/Ig than the majority of hard DLC films and this results in moderate hardness (17 GPa) 

and very low wear rate in pin-on-disk tests even at 80 N [16-17]. a-C coatings have shown 

excellent performance in a range of highly loaded applications [4,23,24,27,30]. Although the 

hardness of many of these coatings was ~14 GPa high wear resistance was also observed for 

harder and softer films. 

In scratch tests softer a-C coatings tend to show higher critical load than harder a-C and a-C:H 

coatings [22, 25, 51]. Schwarzer and co-workers have shown that the maximum von Mises 

stresses in the conventional macro-scale scratch test with a 200 m diamond can be far into the 

substrate before the coatings fail and “dimensioning” the test by choosing a suitable indenter 

geometry to position the peak stresses closer to the interfaces may be more appropriate [52]. 

To emphasize the importance of the load carrying capacity of the substrate on scratch test data, 

Wang and co-workers have shown that critical width of the scratch groove at peak load did not 

vary with substrate hardness whilst the substrate hardness influenced the critical load more than 

the coating composition [53,54]. 

Micro-scratch tests on various carbon coatings with a 25 m end radius probe have shown 

critical loads (Ly, Lc1, Lc2) correlated to the coating mechanical properties [55]. Although the 

micro-scratch data with the R = 18 m probe are scattered due to surface roughness, the slightly 

higher Ly on Dymon-iC may be connected to its H3/E2 and its higher thickness shielding the 

substrate from the stress field of the contact [7]. Analytical stress field modelling suggests that 

although the position of peak von Mises stress is within the coating top layer at Ly, the stress is 

below the coating yield stress and yield occurs by the substrate yield stress being exceeded at 

(and below) the interface. In the progressive and repetitive scratch tests the Graphit-iC coating 
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appeared more damage tolerant. Failure of isolated regions of the Graphit-iC coating in the 

progressive load test did not immediately lead to total failure whilst in the repetitive test failure 

occurred by progressive removal of the coating with each cycle rather than a dramatic 

debonding. This type of failure is consistent with a tougher coating with higher plasticity (lower 

H/E). Zhang and co-workers have equated Lc1 with the resistance to the initiation of cracks and 

(Lc2-Lc1) as a measure of the toughness (Lc2 = load for total failure) [56-58]. They defined a 

parameter representing resistance to crack initiation and also propagation (later called scratch 

toughness) as the sum of the lower critical load and the additional load to reach Lc2 (i.e. scratch 

toughness = Lc1(Lc2-Lc1). The scratch toughness was (0.3 ± 0.1) N2 on Dymon-iC and (1.9 ± 

0.5) N2 on Graphit-iC.  

The Dymon-iC is more susceptible to cracking in the micro-impact test than the graded a-C 

coating Graphit-iC. Although improved wear resistance has been reported for coatings with 

high H/E, since this is related to the elastic strain-to-break [59-60], under the severe conditions 

in the micro-impact test the greater susceptibility to cracking of Dymon-iC outweighs benefit 

on enhanced load-carrying capacity (through higher H/E) and causes failures of the top layers. 

The a-C coating showed significantly improved impact resistance compared to the a-C:H 

coating, despite its lower hardness and significantly lower H/E. Under highly loaded conditions 

there may be benefit in designing coatings with compositional grading, for efficient stress 

transfer to substrate and some measure of plasticity for stress relief. The smaller difference in 

hardness between the coating and substrate in Graphit-iC helps the coating to accommodate 

plastic deformation of the substrate without cracking [61]. In automotive engine applications 

[32,62] involving a combination of load support and resistance to fatigue optimum lifetime of 

coated components may be achieved by designing the coating system to combine these 

properties rather than by solely aiming to maximise coating hardness as this may be 

accompanied by brittle fracture and higher wear. 
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Using the same probe for the impact and scratch tests provides an opportunity to compare the 

severity of the two types of test. Dramatic failure of the Dymon-iC coating in the scratch load 

occurs at an applied load 1.2 N whilst in the impact test the coil force required was 0.75 N 

resulting in a dynamic force of 3.1 N. When comparing on-load depth data (including the 

elastic, plastic/fracture deformation, but after removing the contribution from the compliance 

of the test frame) it can be seen that the depths at failure are smaller in the micro-scratch test 

than the impact test which presumably reflects the importance of shear forces in the scratch 

test.  

4.2 Impact fatigue mechanisms 

A clear advantage of depth-sensing in the micro-impact test is that the damage progression 

with subsequent impacts can be monitored and the exact time-to-failure known. Figure 2 

clearly shows that the number of impacts to reach plateau depth (on both coatings) and number 

of impacts to failure of the Dymon-iC coating exhibit very different dependencies on the 

applied load.  

In impact tests of DLC at 70-240 N with a steel pin of 1 mm radius, Abdollah and co-workers 

determined a deformation-wear transition map involving three stages to the evolution of impact 

wear:- (1) plastic deformation of the substrate without coating wear (2) suppression of plastic 

deformation of substrate (3) wear of the DLC coating, with the transitions between regions 

being dependent on the normal impact load and the number of impact cycles [37]. Although 

the mechanism at the micro-scale when impacted with the 18 m probe has similar features the 

number of impacts required for the transition between regions 1 and 2 (figure 2(c)) shows an 

opposite trend to that reported at larger contact size which may be due to the greater accuracy 

in the depth-sensing micro-impact test.  
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To better understand the fatigue mechanism in the micro-impact test, the evolution of mean 

pressure during the test has been calculated from the dynamic impact force and the contact area 

under load. The impact force is larger than the quasi-static coil force (applied load). Although 

the impact force can be calculated from impact vs. time plots in this work a different approach 

was adopted since hard carbon coatings are not particularly rate sensitive. For both coatings 

the loading curves in spherical micro-indentation superimposed over a x100 change in loading 

rate. The on-load depth in the impact test was equated with same on-load depth in the 

microindentation test. The quasi-static load necessary to produce this deformation was then 

taken as the actual force in the dynamic impact. The residual depth was estimated from a 

calibration curve of the degree of elastic recovery for a given depth under load. Data on either 

coating can be used since although differences in mechanical properties were observed in the 

nanoindentation tests with the sharp Berkovich indenter the load-displacement curves with the 

spherical indenter at the micro-scale and the initial (pre-impact) depth in the impact tests were 

essentially identical on either coating as they were increasing dominated by the substrate 

properties. 

Hertzian calculations show that on initial impact the mean contact pressure is around 13 GPa 

on both coatings. The initial impact depth is greater for the Dymon-iC film, presumably 

reflecting more cracking (SEM from end of the tests show that cracking is more developed on 

Dymon-iC at 500 mN). The contact pressure gradually reduces with each subsequent impact 

to reach the plateau contact pressure. In macro-scale tests where the ratio h/R is very low so 

that the presence of the thin hard coating barely influences the elastoplastic deformation of the 

steel substrate the mean pressure is close to 1.1 Y [37].  

In tests at the micro-scale the mean pressure in this region (region 2) is to a large extent 

controlled by substrate yield stress. Hertzian calculations provide a value of ~11 GPa for the 

mean contact pressure. The method has been used in nano-impact tests on silicon, with good 
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agreement between the mean contact pressure and 1.1 Y [63]. The substrate yield stress can be 

estimated from the hardness and H/E which influences the constraint factor H/Y [64]. M42 is a 

very hard tool steel, with nanoindentation hardness of 12 GPa with H/Y ~2.5 the yield stress is 

estimated at ~4.8 GPa. Several factors appear to be responsible for the calculated mean pressure 

being higher than 1.1 Y at this scale including (i) with the smaller probe there is more influence 

from the harder, higher yield stress coatings (ii) a size effect in yield stress (iii) work hardening 

with repetitive impact (iv) cracking reducing contact pressure (v) deviations from Hertzian 

conditions (vi) elastic recovery on unloading and re-yielding on next impact. 

Hertzian elastic analysis predicts cracks form at the edge of the contact (at the contact radius 

a). When plasticity occurs cracks form outside the contact at a distance up to 2a. [41,65] 

Michler and Blank have reported that when 3.3 m DLC coatings on steel were indented by a 

10 m probe (h/R = 0.33) circumferential cracks form at up to 2a [41]. SEM shows that for 

these coatings (h/R = 0.14-0.16) cracks form at ~1.5-1.8 a. On Dymon-iC there are multiple 

ring cracks at 500 mN but at the same load on Graphit-iC a single crack appearing to follow 

the surface morphology (related to machining marks on the steel prior to deposition) was found.  

Although a plateau depth was observed for both coatings at 0.5 N when the coatings were tested 

at 0.75 N (figure 6) it can be seen that a plateau depth was not observed for Dymon-iC. The 

coating is more susceptible to cracking with small scale cracks joining up resulting in gradually 

increasing depth due to material removal. In contrast on Graphit-iC there were no cracks within 

central zone and the depth stabilises. These differences are supported by Raman spectra inside 

the impact craters, as discussed below. 

The regions of highest stresses are at the periphery of the impact crater. In tests on Dymon-iC 

at 0.75 N the EDX in this region shows chromium and oxygen but little remaining carbon and 

no Fe from the substrate. The EDX spectra show that around the periphery the a-C:H top layer 
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and CrC base layer are removed and the Cr bond layer is exposed. Although there was 

significant chipping damage around the impact craters the absence of Fe from the substrate 

shows the strong bonding between the Cr adhesion layer and the steel is maintained. The 

presence of more oxygen in the wear debris in the highly loaded region at the periphery of the 

impact crater and little/no oxygen incorporation in the chipped regions extending beyond this 

could suggest a tribochemical component to the degradation process, or that simply that 

chromium is more susceptible to oxidation than when present as CrC. 

sp3 to sp2 phase transformations and graphitisation in carbon films have been well studied in 

sliding contact but with a couple of notable exceptions they have not been investigated in 

impact [37,39]. Abdollah et al reported that the G-peak of wear debris at the edge of an impact 

crater (104 cycles at 240 N with a 1 mm steel pin) shifted to higher frequency compared to as-

deposited hydrogenated DLC due to breaking of tetrahedral bonds and increasing sp2 bonding 

[37]. Decreasing FWHM was due to increasing dominance of crystallites. Figure 7 shows the 

variation in Id/Ig, FWHM and G-peak position with impact load in the micro-impact test. On 

the hydrogenated DLC, Dymon-iC similar trends in the centre of the impact craters were 

observed. Cracking is correlated with increasing sp2/sp3. However, on an a-C coating with 25 

GPa hardness and a low Id/Ig of 0.63 it was reported that with increasing number of impacts at 

70-240 N the Id/Ig decreased to 0.47-0.49 after 105 impacts and the FWHM of the G-peak 

increased which was interpreted as work-hardening. [39]. On Graphit-iC there was little clear 

change in the Id/Ig ratio after 300 s, although it did decrease after 1200 s (300 impacts) at 2 N. 

Although the Graphit-iC and Dymon-iC films had significantly higher Id/Ig than the a-C and 

DLC coatings tested by Abdollah and co-workers nevertheless there are some similarities in 

behaviour with decreasing Id/Ig on repetitive impact for the a-C coatings and damage on a-C:H 

causing increasing Id/Ig. 

4.3 Influence of probe radius - nano- vs. micro-impact 
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The amount of plastic deformation, and hence coating bending and tensile stresses developing 

at the edge of the contact is a function of the applied load (hence impact energy) and indenter 

radius. Increasing the applied load results in greater substrate plasticity and higher tensile 

stresses and failure becomes more severe and after fewer impacts. Michler and Blank have 

shown using finite element analysis (FEA) that changing the ratio between coating thickness h 

and indenter radius R (h/R) can alter the dominant failure mechanisms [41]. When the ratio is 

very low, as is the case of the majority of published non-depth sensing impact tests with probes 

with ~3 mm radii, the substrate plasticity can be reduced (depending on load) and the 

mechanical properties of the film itself do not influence the elasto-plastic deformation of the 

substrate. Under these conditions a high-cycle coating (or substrate) fatigue process may occur, 

with highest tensile stresses very close to the edge of the contact and blistering inside the impact 

zone. In impact tests with much lower h/R detailed investigation of the fatigue wear process 

has shown that isolated delamination is preceded by blistering [35-36]. 

The h/R ratio is completely different in the micro- and nano-impact tests. The cube corner 

indenter used in nano-impact has a very sharp end radius so it is effectively more pyramidal at 

the depths reached in the nano-impact tests making it difficult to assign an exact effective 

radius. However, if the effective radius for the cube corner indenter is at least a few hundred 

nm for larger penetration depths, then h/R is of the order of 1-10 in the nano-impact tests and 

~0.15 in the micro-scale tests. In the nano-impact tests with a cube corner diamond indenter 

reported in [47-48] Graphit-iC was significantly more durable than Dymon-iC, with much 

longer time to failure and smaller changes in depth on failure. These differences between the 

two coatings increased with load as chipping/ring cracks were more extensive at higher load 

on Dymon-iC. Similar trends were found in the micro-impact tests but as it was not possible to 

obtain abrupt changes in depth within the 300 s tests on Graphit-iC three further 1200 s tests 

were carried out at 2 N. The tests showed that in the apparent “plateau” region the actual wear 
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depth was not quite constant but increased very slowly at a rate of ~1-1.5 nm per impact, 

although there were no abrupt changes in depth (figure 8). Raman analysis showed a decrease 

in Id/Ig consistent with higher sp3 and work hardening.  The very gradual increase in depth is 

not necessarily a result of the Graphit-iC wearing away but more potentially a fatigue wear 

process in the M42 substrate, for example, involving carbide fracture. In contrasting failures 

induced by sharp probe impact at 5 or 15 mN [47,48] with higher load spherical impact, it can 

be seen that at the nano-scale the failure process typically takes place over a shorter number of 

cycles whilst at the micro-scale it proceeds more gradually. 

4.4 Micro-impact – current status and opportunities for test method development  

The new micro-scale impact test fills a large gap in terms of h/R between macro-scale and 

nano-scale impact tests and has distinct potential advantages over both. In comparison to 

macro-scale tests it is advantageous for coating screening campaigns to be able to test a large 

number of coatings in a short space of time and the rapid micro (and nano) impact tests make 

this possible whilst providing additional information regarding the evolution of the impact wear 

process. 

The micro-impact test retains the intrinsic depth-sensing capability of the nano-impact test 

enabling the progression of the impact fatigue process to be monitored throughout the test. 

Since significantly higher impact energies are obtained than in the nano-impact test it is 

possible to cause rapid coating failure with larger radii indenters. The tests were performed 

with a diamond probe with 18 µm end radius but significantly sharper or blunter geometries 

are also possible to change h/R and investigate different fatigue mechanisms. Diamond was 

chosen as (1) it could be used for the micro-indentation and micro-scratch experiments (2) it 

showed no probe wear, but other probe materials are possible e.g. to simulate specific 

application conditions. When other materials have been used in macro-impact tests specific 
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tribochemical interaction has been reported to be a complicating factor leading to (i) on-going 

probe wear (ii) transfer layer formation and subsequent break-up resulting in formation of 

micro-scale debris which can enhance wear rate [31]. The tests described here were stopped 

after a set time (i.e. pre-defined number of impacts). However, as the probe depth is monitored 

throughout the test, with software modification it will be possible to stop the test immediately 

after a failure event occurs so that subsequent damage does not complicate interpretation of the 

failure mechanism. 

In the current study, ring-cracking was observed on both samples at the lowest test force, and 

the investigation focussed on crack propagation mechanisms after formation of ring crack(s). 

Single micro-impacts can also be set up, and could be used in lower force tests (and/or different 

probe geometries) to determine the minimum loads required for the onset of ring cracking (i.e. 

to study crack initiation). The described tests were performed at 25 C with normal (90) impact 

but it is also possible to perform angled impact and/or elevated temperature tests with the test 

setup. Angled impact increases the sensitivity to adhesion [66] and also could be more 

representative of contact occurring in gears [30] or automotive engine applications such as 

cam-tappet in valve train [4], whilst the tribology of DLC can be strongly dependent on 

temperature [67]. 

 

5. Conclusions 

The new micro-scale impact test fills a large gap in terms of the ratio between coating thickness 

and the radius of the impact probe (h/R) between macro-scale and nano-scale impact tests. In 

the micro-impact test the Dymon-iC shows greater susceptibility to cracking than the graded 

a-C coating Graphit-iC. Raman spectra show marked differences in Id/Ig ratio consistent with 

their sp2/sp3 bonding and mechanical properties. Spectra taken from the centre of the impact 
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craters show an increase in the Id/Ig ratio for Dymon-iC due to cracking whilst on Graphit-iC 

the initially very high ratio is unchanged in 300 s tests and decreases only slightly after 1200 s 

tests at 2 N. The graded a-C coating Graphit-iC shows better performance in micro-scale 

scratch tests. In highly loaded mechanical contact applications requiring a combination of load 

support and resistance to fatigue optimum lifetime of coated components may be achieved by 

designing the coating system to combine these properties rather than by solely aiming to 

maximise coating hardness as this may be accompanied by brittle fracture and higher wear. 
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Tables 

 

Table 1 (a) Nanoindentation data 

 H/GPa E/GPa H/E H3/E2 (GPa) 

Graphit-iC 13.9 181 0.077 0.082 

Dymon-iC 17.0 139 0.122 0.253 

H and E data previously reported in [47,48]. 

 

Table 1 (b) Nano-impact data 

 Final depth at 1 mN Final depth at 5 mN Final depth at 15 mN 

Graphit-iC (0.6 ± 0.2) µm (1.5 ± 0.2) µm (2.5 ± 0.2) µm 

Dymon-iC (1.0 ± 0.4) µm (2.1 ± 0.2) µm (3.9 ± 0.3) µm 

Final impact depth under load after 450 impacts with cube corner diamond probe accelerated 

from 15 µm above the surface. Data previously reported in [47,48]. 

 

Table 2 Critical loads in micro-scratch test 

 Scratching direction 

relative to machining marks 

Ly (mN) Lc1 (mN) Lc2 (mN) 

Graphit-iC Perpendicular 200 ± 23 2113 ± 86 2622 ± 101 

Graphit-iC Parallel 273 ± 32 1990 ± 114 2943 ± 255 

Dymon-iC Parallel 392 ± 280 916 ± 242 1216 ± 275 
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8. 

Figure captions 

1. SEM images of micro-scratch tracks (a) Graphit-iC, (b) higher magnification image of 

the boxed region in (a), (c) Dymon-iC, (d) higher magnification image of the boxed 

region in (c). The scratch direction is right to left. 

2. Illustrative impact depth vs. time plots for (a) Dymon-iC (b) Graphit-iC (c) 0-60 s on 

Graphit-iC. (d) Time to failure on Dymon-iC. 

3. (a) Load dependence of (i) initial impact depth (ii) final impact depth. 

4. (a) SEM image of (i) Dymon-iC at 0.5 N (ii) Graphit-iC at 0.5 N (iii) Graphit-iC at 1.75 

N (iv) Dymon-iC at 1 N with C, Cr, and O EDX maps. 

5. Raman spectra of (a) Dymon-iC (b) Graphit-iC. 

6. Evolution of probe depth in tests at 0.75 N 
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7. Load dependence of (a) Id/Ig (b) FWHM and (c) G-peak position in Raman spectra from 

the centre of the impact craters 

8. Increase in probe depth during 1200 s tests at 2 N on Graphit-iC. 


