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Abstract 

For studying the damage tolerance of thin films the novel randomly distributed nano-scratch 

test method is introduced and demonstrated as a promising characterisation method. It is 

capable of more closely simulating the damage progression in abrasion where material removal 

can be influenced by the interaction between damage produced by previous scratches in close 

proximity. In addition to studying how localised failure events affect subsequent damage 

progression it is possible to monitor the evolution of the film degradation cycle-by-cycle using 

the mean depth and friction over the scratch. 

Randomly distributed nano-scratch tests were performed on the high entropy alloy AlFeMnNb, 

AlFeMnNi and nanocomposite (nc-) TiN/Si3N4 thin films on silicon. Brittle fracture and film 
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removal with extensive chipping of the Si substrate were observed over the entire scratched 

region on AlFeMnNi and nc-TiN/Si3N4 in distributed scratch tests at applied loads that were 

only ~0.2-0.3 of the load needed to produce the chipping in ramped load nano-scratch tests, 

due to film and substrate fatigue. In contrast, the softer AlFeMnNb deformed predominantly 

by ductile ploughing with significantly improved damage tolerance and crack resistance in the 

distributed scratch tests. The new method can be used to evaluate the performance of thin films 

in applications where they can be exposed to abrasive/sliding wear. It can provide a more direct 

measure of abrasion resistance than assuming high resistance to abrasive wear from coating 

hardness. In the thin film systems studied, higher hardness was associated with greater fracture 

and delamination in the distributed scratch tests. 

 

I. INTRODUCTION 

Multiple-asperity tribological tests reveal limited understanding of the actual wear process 

phenomena occurring as a coated surface is worn in the functional environment. Instead, rather 

simplified studies of the damage created by a single isolated asperity in a controlled 

environment enables the complex tribo-contact to be simplified so that the fundamental 

mechanisms involved to be isolated and determined [1-11] and the properties of the abrasive 

counter body to be isolated and studied independently e.g. to investigate size effects [10]. 

Scratch tests have been used extensively to improve our understanding of abrasion. The major 

deformation mechanisms in abrasive wear including plastic deformation, cutting, micro-

fracture and delamination can be replicated in the scratch test [12]. It has been shown that the 

probe attack angle influences the major deformation process and hence the efficiency of 

material damage and removal. Wear mode maps have been produced e.g. to determine the 

transition between cutting and ploughing [1]. Nano-scratch tests with monitoring of the probe 
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penetration depth and friction throughout the test enable modelling of the stresses generated 

and provide detailed information on the location of yield and its effect on subsequent 

deformation mechanisms, such as the competition between deformation and fracture [13].  

However, the production of a single wear groove on a flat surface is an oversimplification of 

what actually happens in practice when individual wear events are superimposed on each other 

and essentially interact to produce the worn surface. This repetitive contact is commonly 

simulated by constant load, unidirectional multi-pass scratch testing where each contact occurs 

in the same wear track. This was first described by Bull and Rickerby, and von Stebut and co-

workers in 1989 [14-15] and has been shown to be a reliable low cycle fatigue test for thin 

coatings. S-N type curves can be obtained by recording the number of cycles to failure in tests 

under different sub-critical constant load. 

At low load repetitive contacts can produce difficult to identify “damage”. It is well known that 

even seemingly elastic deformations can produce point and extended defects which will 

accumulate under the repetitive load and eventually lead to easily observable defects. Coated 

systems can accumulate defects and fail by accumulation of fatigue damage in the substrate, 

interface and/or in the film itself. 

During the sub-critical repetitive testing the load can be controlled to position the maximum 

von Mises stresses close to the film-substrate interface and minimize substrate deformation as 

a precursor of film debonding, which can result in an improved sensitivity to poor adhesion in 

comparison with progressive load scratch tests. This approach has proved effective, for 

example, in revealing poor adhesion due to high substrate bias during film deposition in studies 

of a-C films on Si [16]. 

At sub-critical loads abrasion occurs through the interaction of multiple scratches. This more 

complex deformation is not completely captured by performing repetitive scratches in the same 
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wear track. Williams and Xie [2], and Torrance [4] have shown that the presence of nearby 

previously scratched surface – i.e. when parallel wear tracks interact - promotes the transition 

to cutting in metallic materials, with micro-machined chips forming on the outer side of the 

indenter at much lower attack angles than are needed in single isolated scratches. Double 

scratch experiments with a sharp Vickers indenter on BK7, a brittle glass, showed that at above 

a critical load the damage caused by the first scratch caused increased material removal when 

the second scratch was ~60 m or closer [17]. 

Statistically distributed arrays of parallel scratches are a related type of repetitive scratch test 

where damage from previous scratches influences subsequent scratches so that the accumulated 

damage builds up and the cycle-by-cycle development of an abraded region of the surface can 

be studied. Statistically distributed parallel scratch tests on bulk hard metals [9,11,18] and tests 

involving parallel scratches to control overlap have been performed to investigate deformation 

processes [19,20]. 

To the best of our knowledge a similar approach has not yet been applied to thin films, where 

damage interaction and accumulation in the substrate, interface and the film itself could drive 

delamination and coating failure. In this current study we have used a recently developed 

experimental capability for performing statistically distributed parallel scratches to investigate 

the behaviour of three different thin films deposited on silicon. The positions of the parallel 

scratches were set by fixing the maximum offset start position and applying computer-

generated randomised distributions of the scratch start position in the instrument software 

(examples are shown later in figure 2(a)). The randomised scratches emulate in-service 

conditions where the surface can be subjected to multiple random sliding contacts. 

To a large extent wear damage development will be determined by the thin film properties. For 

this reason we chose two metallic films with high tolerance to the damage and a ceramic 
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nanocomposite with low crack resistance. These were two high entropy alloy thin films 

(HEATFs) composed of close to equimolar amounts of 4 elements (AlFeMnNb and AlFeMnNi) 

which are of interest to nuclear energy industry and a nanocomposite TiN/Si3N4 thin film that 

is widely used for applications requiring high hardness. All three films were deposited onto 

Si(100). A NbTaMoW HEATF with close to equiatomic composition was reported to have high 

hardness, 22.8 GPa, combined with much better crack resistance than a TiN film of similar 

hardness tested by nano-scratch testing under similar conditions [21]. High entropy materials 

have the advantage of self-healing as the crystalline structure will eliminate defects. Although 

we have focussed here on HEAs for applications in the nuclear industry and hard 

nanocomposite films we envisage that the new method can be used more generally to assess 

the abrasion resistance of thin films across the range of applications where they can be exposed 

to abrasive/sliding wear. It can provide a more direct measure of abrasion resistance than 

assuming high resistance to abrasive wear from coating hardness. 

The mechanical properties of the thin films were characterised by nanoindentation. Ramped 

load nano-scratch tests were performed to determine critical loads and then random distributed 

nano-scratch tests (RDNSTs) were performed to build up an understanding of how the film 

systems and behave under the test conditions. We were interested in understanding how 

different material properties influenced material behaviour in the ramped load scratch tests and 

how this relates to material performance in the distributed scratch experiments. We were also 

interested to explore the influence of topographical and contact area effects on local friction 

forces, and to determine which test metrics were most effective in following the progression of 

surface degradation in the randomised distribution tests. 
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II. EXPERIMENT 

A. Film deposition 

The AlFeMnNb, AlFeMnNi thin films were synthesised with an ion beam sputter deposition 

system from elemental targets of Al, Fe, Mn, Nb and Al, Fe, Mn, Ni respectively. An ion source 

producing 1.25 keV Ar ions was used to sputter the elements onto Si(100) substrates. Further 

details of the deposition system are provided in [21-24]. Film thickness was ~600 nm as 

determined by Scanning Electron Microscopy.  

The nc-TiN/Si3N4 film was deposited using the same ion beam sputtering system [25-26] to 

1.1 m thickness on Si(100). An Ar+ ion beam was used to sputter a target comprising Ti and 

Si.  The area of the target occupied by the Si determines the Ti/Si ratio in the film.  To form the 

nitride sputtering was performed in a nitrogen partial pressure of about 10-2 Pa.  The silicon 

substrate was first cleaned using the ion-assisting beam with Ar+ ions.  Then an approximately 

20 nm thick layer of Ti-Si was deposited onto the substrate as an intermediate bonding layer.  

The hard coating was then deposited onto this bonding layer without ion assistance.  The 

substrate temperature (500 C) was kept at the same level during all the deposition steps. The 

film thickness was determined by Rutherford Backscattering Spectroscopy. 

B. Nanoindentation 

Nanomechanical properties were determined with NanoTest Vantage Platform 5 system (Micro 

Materials Ltd., Wrexham, UK) under normal laboratory conditions (T ~22 C; RH ~50%) using 

a diamond Berkovich indenter. Instrument and indenter calibration was performed in 

accordance with ISO14577 [27]. Two different sets of experiments were performed (i) single 

cycle indentation to 1 mN (loading/unloading rate = 0.2 mN/s, 2 s hold at peak load) and (ii) 

30-cycle rapid load partial unload tests to a final peak load of 100 mN (loading/unloading in 2 

s for each cycle; 1 s hold at each load). There were 10 repeats of the single indentations and 5 
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repeats of the multi-cycle tests. Thermal drift correction was from a 60 s hold at 90% unloading 

in the final cycle. 

C. Ramped load nano-scratch tests  

Nano-scratch tests were performed as 3-pass procedures involving a pre-scan surface profile, 

ramped load scratch and post-scan surface profile that were subsequently analysed in the 

NanoTest software to determine the on-load and residual depth data, following the approach 

described in CEN/TS 17629 [28]. Two spheroconical diamond probes with 90 angle and 

nominal end radii of 5 µm were used.  The actual end radii were determined by nanoindentation 

testing over a wide load range on fused silica. For the tests on the HEATFs the end radius was 

5.0 µm and for the tests on the TiN/Si3N4 thin film the end radius was 3.8 µm. Probe geometry 

was rechecked after the scratch testing campaign and no change in geometry was found. In the 

3-pass tests the scan speed was 5 µm/s. In the pre-scratch and post-scratch scans the load was 

set to 0.01 mN. In the second (ramped load scratch) scan, after 100 µm scanning at low load 

the load was linearly increased at 10 mN/s to a peak load of 500 mN and held at this load for 

100 µm. 3 repeat tests were performed on each film, spaced 100 µm apart. For the scratch tests 

on TiN/Si3N4 thin film the scan speed was 20 m/s and the influence of loading rate was 

explored by performing tests at 10 and 30 mN/s. 4 repeat tests were performed for each loading 

rate. The first scan of the ramped load scratch tests can be used to provide a measure of the 

surface roughness of the three films. All three films were very smooth; when measured over 50 

m line profiles the Ra surface roughness was 1.0 nm for the nc-TiN/Si3N4, and 0.7 nm for both 

HEATFs. 

D. Distributed constant load scratches 

Statistically distributed parallel nano-scratches were performed with the same probes as used 

for the 3-scan ramped load tests. For the experiments on the AlFeMnNb and AlFeMnNi in each 
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scratch there was a 100 µm levelling distance before the load was linearly increased at 20 mN/s 

to the constant load value of 100 mN, remaining at this level for 300 µm. The scan speed was 

20 µm/s. The 100 mN load was chosen to be above the critical load for the first edge cracking 

events observed in the ramped scratches (Lc1) so that some damage might be created quickly, 

but well below the load required for lateral cracking or substrate exposure. 50 parallel scratches 

were set in each experiment. The positions of the parallel scratches were programmed by (i) 

controlling the maximum offset start position (e.g. setting +/- 20 µm offset start position 

produces scratches all within a maximum 40 µm region width) (ii) applying computer-

generated randomised distributions of the start position. In all of the tests a rectangular 

distribution was used, where there is equal probability of the scratches being at any point within 

the set maximum width. The conditions were the same for the tests on the TiN/Si3N4 thin film 

with the R = 3.8 m probe except that the number of scratches was (i) 20 in the 80 mN 

experiment and (ii) 10 in the 100 mN experiment. The maximum region width was 40 µm in 

both experiments. The experimental conditions are summarised in Table I. 

 

III. RESULTS 

A. Nanoindentation 

The results of the tests at 1 mN are summarised in Table II. The load-partial unload tests to 100 

mN showed that the elastic modulus of the AlFeMnNb and AlFeMnNi films varied little with 

indentation depth, with AlFeMnNb decreasing very slightly at low depth and AlFeMnNi 

increasing slightly. Both were softer at low depth. Load-partial unload data on the nc-TiN/Si3N4 

[26] showed a marked depth-dependence, being much harder and stiffer at smaller depth. 
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B. Scratch test critical loads 

There were marked differences in scratch response between the thin films. Critical loads are 

summarised in Table III (i) and (ii). Figure 1 shows illustrative load, depth and friction results 

from nano-scratch tests to 500 mN on (a) AlFeMnNb film (b) AlFeMnNi film (c) TiN/Si3N4 

nanocomposite film.  
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Figure 1. Nano-scratch tests to 500 mN on (a) AlFeMnNb film (b) AlFeMnNi film (c) nc-

TiN/Si3N4 film. SEM imaging of transition point on AlFeMnNb (d) and AlFeMnNi (e). The 

scratch direction is from right to left in (d) and (e). 

 

A SEM image of the scratch track at the Lc3 transition point on AlFeMnNb is shown in fig. 

1(d). This film showed predominantly ductile behaviour with some material being plastically 

deformed at the sides of the track. On the AlFeMnNb there was no evidence of lateral cracking 

of the Si substrate and the Lc3 event was a gradual substrate exposure on wearing through of 

the film through determined from SEM imaging, although this was not accompanied by 

significant increase in friction coefficient or sudden probe depth change. In the addition to the 

darker material (substrate exposure) there is evidence of cracking in the bottom of the track. A 

SEM image of the scratch track around Lc2 on AlFeMnNi is shown in fig. 1(e) reveals track 

widening with more fracture and cracking of ribbon-like debris at the edge of the track. On 

AlFeMnNi this was accompanied by some forward curving cracks with evidence of some 

chipping and lateral cracking of the substrate at higher load. The friction coefficient at yield 

was around 0.10 on AlFeMnNi and AlFeMnNb. It started to increase at the transition with 

typically further significant increases in friction coefficient thereafter. 

The deformation behaviour was more complex on the nc-TiN/Si3N4 film. There was substrate 

exposure due to an unloading failure behind the probe which occurred at an (apparent) lower 

load than the Lc1 where friction started to increase more rapidly but without an associated depth 

step. This is followed soon after this by the Lc2 event associated with an abrupt step in the on-

load depth and friction (failure in front). At ~400 mN there was a further failure associated with 

dramatic chipping (lateral fracture) of the silicon substrate. Optical imaging showed that there 

was significant deformation – delamination/blistering/chipping - outside of the scratch track. 

At the point the friction increased (Lc1) there was more brittle machining of the substrate which 
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was covered by the film as the probe passed. There appears to be a small influence of loading 

rate with generally slightly higher critical loads for cracking found for the tests at the faster 

loading rate. The friction coefficient at onset of non-elastic yield was 0.06, gradually increasing 

thereafter as the load increased. 

C. Distributed scratch tests on high entropy alloy films 

The distributions used in the experiments with 100 and 300 m region width in the distributed 

scratch tests on AlFeMnNb are shown fig. 2(a). Angled view depth vs. position data from these 

tests are shown in fig. 2(b,c). The mean depth and mean friction for the entire scratch track at 

100 mN were calculated in the instrument software and are shown vs. scratch number in fig. 

2(d,e) respectively. Although the deformation was greater for the test within the smaller area 

there was no significant fracture or substrate exposure. The mean depth and friction over all 

the scratches is shown in Table IV. The mean depth and SD in the mean were lower on the 300 

m tests. Figure 2(f) shows a SEM image of the worn surface generated by the 50 parallel 

scratches within 100 m. 
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Figure 2. Distributed scratch tests on AlFeMnNb. (a) Distributions used in the experiments 

with 100 and 300 m region width. Depth vs. position data for (b) 100 m region c) 300 m 

region. Comparative mean depth (d) and friction coefficient (e) vs. scratch number data. (f) 

SEM image of the surface after 50 scans within 100 m. 

 

An angled view of the probe depth distributed scratch tests on AlFeMnNi is shown in figure 

3(a) with the mean depth and friction coefficient shown in figure 3 (b). There was significant 

damage in some regions of the tracks even from the first few scratches so that the standard 

deviation in these properties was much larger than in the corresponding tests on AlFeMnNb. 

With continued scratching there was more film removal and substrate fracture so that the 

average depth across all the scratches (Table IV) was much higher. The SEM images of the 

worn surface after 50 parallel scratches within 100 m shown in figure 3(c,d) confirm the 

almost total film removal combined with extensive substrate brittle deformation. There was a 
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rapid increase in friction during the loading segment (i.e. before the constant load region) for 

both films. The mean friction coefficient at 100 mN was around 0.2 (Table IV). 

   

    

Figure 3. Distributed scratch tests on AlFeMnNi. (a) Depth vs. position data (b) mean depth 

and friction coefficient. (c) SEM image of the surface after 50 scans within 100 m (d) higher 

magnification image. 

 

D. Distributed scratch tests on nanocomposite TiN/Si3N4 film 

An angled view of the depth vs. position data from the distributed scratch test on nc-TiN/Si3N4 

film at 80 mN is shown in fig 4. (a) with the corresponding side-on view shown in figure 4 (b). 

The mean depth and friction coefficient data is shown in figure 4 (c). An optical image of the 

surface after 20 scans within 40 m is shown in 4(d). The test at 100 mN is shown in figure 5.  
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Figure 4. Distributed scratch test on nc-TiN/Si3N4 film at 80 mN. (a) Depth vs. position data 

(b) Side on. (c) Mean depth and friction coefficient. (d) Optical image of the surface after 20 

scans within 40 m. (e) depth and friction during scratch 15. (f) depth and friction during 

scratch 20. 

In the distributed scratch tests at 80 and 100 mN the mean friction and depth (and surface 

roughness) averaged across the entire constant load part of the scratch remained constant before 

failure (Table 5). Film failure in front of the probe occurred part way through the 15th scan at 

80 mN (figure 4(e)). At 203 m scan distance there was an abrupt increase in depth of 1.1 m 

corresponding to the film thickness. This was accompanied by a sudden drop in friction 

coefficient before increasing to ~0.17. In subsequent scratches the friction remained high and 
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the mean depth was greater. These values reflect a combination of regions where the film has 

failed and regions where lateral fracture of the substrate has also occurred (e.g. scratch 20 in 

figure 4(f)). In the test at 100 mN there were two small cohesive isolated fracture events in 

scan 6 (between 325-375 m scan distance) before an abrupt film and substrate failure – in 

front of the moving probe - over the entire on-load region in scan 10. These failures resulted in 

almost complete removal of the film over the entire 40 m wide region in both tests (see figure 

4(d), 5(d)). 

   

   

Figure 5. Distributed scratch test on nc-TiN/Si3N4 film at 100 mN. (a) Depth vs. position data 

(b) side on. (c) Mean depth and friction coefficient. (d) Optical image of the surface after 10 

scans within 40 m. 

 

IV. DISCUSSION 

A. Mechanical properties and their influence on behaviour in the ramped load scratch 

tests 
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The nanoindentation tests show that the AlFeMnNb was softer and less stiff than the Si(100) 

substrate. The AlFeMnNi was slightly softer but slightly stiffer than the Si substrate.  Typical 

values for silicon (100) wafers obtained in our laboratory are H = 12 GPa, E = 170 GPa, H/E 

= 0.075 and H3/E2 = 0.06 GPa. They have lower hardness and stiffness than other HEATFs 

deposited under similar conditions (e.g. FeCrMnNiC – H = 12.3 GPa and E = 264 GPa [24]; 

FeCrSiNb = 15 GPa, E = 275 GPa [23]). In contrast the nc-TiN/Si3N4 film was much harder 

and stiffer than the silicon substrate. The AlFeMnNb and AlFeMnNi films were also thinner 

than the nanocomposite. These differences in mechanical properties and film thickness strongly 

influence their behaviour in sliding contact. For a bulk material Johnson’s contact mechanics 

shows that the critical load for onset of non-elastic behaviour is related to the probe radius and 

H3/E2 through equation 1 [29-30]. 

Py = 0.78R2(H3/E2)  [Eqn. 1] 

For a thin film system the situation is more complicated since the location of yielding (relative 

to the interface) may change with film thickness and mechanical properties as well. The 

HEATFs have H3/E2 values lower than the silicon substrate and yield at very low depth, i.e. 

within the film, at much lower load than required for Si; in scratch tests with the same probe 

the yield on Si was ~30 mN, occurring predominantly through phase transformation at ~11-12 

GPa. In contrast due to its much higher H3/E2 the nc-TiN/Si3N4 yields at higher load even 

though the probe used was slightly sharper. Hertzian analysis gives a mean pressure at yield of 

21 GPa, corresponding to a yield stress of 19 GPa (through mean pressure = 1.1 x Y) and H/Y 

= 1.5. H/Y varies with H/E [29,31]; given that the film is hard and stiff the value of 1.5 is 

consistent with yield within the film. However, analytical modelling (Scratch Stress Analyzer, 

SIO) suggests that high stresses in the region of 10 GPa are present on the substrate side of the 

interface at the onset of yield with R = 3.0 m probe [32], which was at a critical load of (38 ± 

7) mN [26], consistent with the possibility of yield in the substrate. 
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The mechanical properties of the thin film system influence the stresses developing in the high 

load sliding contact which in turn control how the interface is weakened (i.e. by initial substrate 

or film yielding or both) and hence the failure mechanism [13]. In a study of the scratch 

behaviour a large of set thin films on silicon (18 (Ti,Fe)Nx, 2 FeN and 2 TiN films of ~1.3 μm 

thickness) in scratch tests with an ~1 µm end radius marked difference in failure mechanisms 

were found [33]. On the hardest films, with highest H3/E2, dramatic unloading failure and 

complete film removal with delamination extending outside of the scratch track occurred at 

relatively low load due to a combination of high tensile stress at the rear of the sliding probe 

and substrate yield. Films with hardness around 25 GPa performed better than the very hard 

films, exhibiting higher critical loads. In contrast, failure of the softer films occurred by plastic 

yield initiating within the film at lower tensile stress, weakening the interface from the film 

side, which did not result in the dramatic unloading failure – or exposure of the substrate 

outside the scratch track - when the interface was weakened first by substrate yield [33]. The 

three films tested in the current study show similar trends in scratch deformation mechanism 

with mechanical properties with a ductile response for the softer AlFeMnNb, a more brittle 

response for AlFeMnNi and brittle failure accompanied by extensive delamination outside the 

scratch track for the much harder nc-TiN/Si3N4. 

B. Distributed scratches – mechanisms and metrics for assessing surface degradation 

Marked differences in behaviour were found which show clear similarities to the ramped 

scratches, with the softer and more ductile thin film AlFeMnNb demonstrating better 

performance and no substrate exposure. The more brittle films exhibited dramatic film failure 

over the entire scratch region with continued scratching. i.e. the film mechanical properties 

also have a strong influence in the distributed scratching (abrasion simulation) test. 
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The differences in the evolution of damage with statistically distributed scratching were 

investigated in more detail by combining localised failure data from individual tracks and mean 

properties (e.g. depth, friction coefficient) averaged over the entire constant load region. Mean 

values of properties averaged over the constant load region of the track together with the 

standard deviation in the mean have been used effectively in monitoring transitions in repetitive 

nano-scratch [34], micro-scratch [35] and micro-scale reciprocating wear tests [36]. Although 

each scratch was not in the same track the same approach also has some applicability to the 

distributed nano-scratch tests. When there was little or no significant fracturing the mean depth 

remained almost constant (as throughout the test on 300 m AlFeMnNb, and in all the scans 

before fracture on the nanocomposite shown in Table V). 

The applied load of 100 mN used in the tests on AlFeMnNb was above Lc1 ensuring that some 

surface debris/pile-up at the side of the track was produced which could influence subsequent 

scratches. This allowed the mean overlap to be adjusted by changing the region width, in this 

case from 100 to 300 m. Although there appeared to be a transition to more significant damage 

in some scans (after around 18 scans in the wider region and potentially after 38 scans in the 

narrower region) the changes in depth were relatively slight and deformation remained 

essentially ductile ploughing with ductile debris piled up at the edges of the scratch track with 

some slight cracking in the base of the track. In the 50 scratch test within 300 m some 

individual scratches could be seen, apparently too far away from other scratches to be affected. 

In double scratch experiments with a sharper Vickers indenter on brittle BK7 glass scratch 

tracks interact at similar loads when ~60 m or more apart [17]. The potential interaction 

distance with the spherical probe used here is much smaller and there can even be actual overlap 

between the parallel scratches as can be seen the test on AlFeMnNb with 100 m region size 

and in the tests on the nanocomposite with 40 m region width. 
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The test on the AlFeMnNb was performed well above Lc1 and in the region of the Lc2 failure 

on this sample, consequently significant isolated damage was seen during even the first 

scratches and the high degree of overlap caused a transition to film removal and substrate 

damage even though the load was well below the critical load at which lateral 

cracking/chipping occurred in a ramped test (Ldistributed scratches/Lc3 = 0.32). Intact regions of the 

scratch tracks where delamination did not occur (figure 3 (d)) show ductile tearing with some 

cracking within some of the tracks. 

The probe used in the tests on the nanocomposite TiN/Si3N4 film had 3.8 m end radius. The 

calculated scratch widths before film failure were 2.2 and 2.4 m at 80 and 100 mN 

respectively, i.e. considerable overlap within the 40 m width in some cases (see angled views). 

These tests were run at (Ldistributed scratches/Lc3 ~ 0.2-0.25). Under these conditions the deformation 

is consistent with a fatigue-like process where the high contact stresses in the silicon substrate 

generate sub-surface damage (brittle machining). When damage accumulates over several 

scratches then joining up of crack networks leads to an abrupt film delamination or combined 

film and substrate chipping (see scratch 15 at 80 mN or scratch 10 at 100 mN), with ultimately 

film removal extending to cover the entire region with some delamination outside of the worn 

region. Similar fatigue-type behavior has been observed in nano-impact tests where after initial 

impacting the probe depth reaches an almost constant value (termed plateau depth) and 

chipping and material removal occurs later through joining up of sub-surface crack networks, 

as confirmed by FIB imaging of cross-sections through impact craters. The brittle machining 

of the silicon substrate has also been seen in ramped load tests of TiFeN films with very high 

H3/E2 (and consequently smaller stress relief through film plastic deformation) [33]. 

C. Correlation between friction and scratch depth 
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At the nano-/micro- scale friction is strongly influenced by surface topography and contact 

area. In the elastic regime Bowden and Tabor [37] have shown that the friction is directly 

related to the junction shear strength and the contact area. The friction coefficient should vary 

with L-1/3 provided that there is no ploughing component. A reduction in friction with increasing 

load was observed experimentally at the start of the fully elastic regime. Similar behaviour has 

been reported in tests on Si with 5 and 100 m probes [38] and in tests with a Berkovich on 5-

85 nm a-C films on Si [39] and 70 nm ta-C films on Si [40]. As the depth increases the 

ploughing contribution becomes important. Friction can be deconvoluted into ploughing and 

interfacial components as shown in the Bowden and Tabor model, equation 2 [37]. 

 total =  ploughing +  interfacial   [Eqn. 2] 

An estimate for the ploughing component can be determined from geometrical comparison of 

normal and lateral contact areas using Equation 3, with q reflecting the partitioning of the load 

support between the front and back of the sliding probe [34]. When contact is fully elastic the 

applied load is equally supported over the front and back halves of the sliding probe (q = 1). 

Once there is non-elastic behaviour the measured friction will rise more rapidly with increasing 

scratch depth as the load is less supported on the back ½ of the sliding contact and q begins to 

increase towards the value of 2 for a fully plastic contact. This increase in friction at the onset 

of non-elastic deformation has been reported previously with a 6.5 m end radius probe [34] 

and was observed experimentally in this study.  

𝜇𝑝 ≈ 𝑞
(𝑅2 cos−1 (

(𝑅 − ℎ)
𝑅 ) − (𝑅 − ℎ)√ℎ(2𝑅 − ℎ))

(𝜋(2𝑅ℎ − ℎ2))
Eqn. 3 

Theoretically, in the absence of fracture or surface topographical influences, Equation 3 is 

applicable up to the sphere-to-cone transition. For the 3.8 and 5 m end radius probes used the 

theoretical sphere-to-cone transition occurs at 1.11 and 1.47 µm depth respectively. The depths 
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at the critical loads in the tests were below this so the probe geometry can be assumed to be 

spherical although the higher friction at 500 mN on AlFeMnNb is due to the geometry entering 

the conical part.  

Depth and friction vs. scan position data from individual scratches show a range of behaviour. 

Initially all three films have low surface roughness (Ra ~0.7 nm) but this was found to increase 

with scratching. Interdependence of friction and surface topography has been investigated by 

Meine, Santer and co-workers who described geometric changes in friction where sliding 

probes encounter topographic features [41-44]. In scratch tests on surfaces with model steps 

they reported a sharp reduction in friction when sliding down an asperity/step and a sharp 

increase when sliding up an asperity/step. When sliding up there is a greater contact area due 

to the additional contact in front. On encountering a recessed region the contact area decreases 

and there is a reduction in friction. The same effect has been reported in ramped and repetitive 

scratch tests on DLC coated Si samples [34]. Although the surface topography is created by the 

scratch itself the frictional behaviour appears to be the same. At the onset of film failure there 

is initial sharp reduction in friction, followed by greater variability in friction is primarily due 

to instantaneous changes in contact area.  
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Figure 6. Correlation of friction and depth in (a) ramped test on nc-TiN/Si3N4 (b) distributed 

scratch test on AlFeMnNi (scratch 8) (c) distributed scratch test within 100 m region on 

AlFeMnNb (scratch 5).   

 

Film failure and dramatic chipping in the silicon substrate results in periodic cracking where 

abrupt increases in depth with friction reduction were followed by a gradual increase in friction 

before the next failure event as shown in figure 6 (a) at Lc3 in a ramped test on the 

nanocomposite or in figure 6 (b) during a distributed scratch test on AlFeMnNi. Interestingly, 

in the absence of dramatic fracture on AlFeMnNb periodic changes in friction can also been 

seen with apparent stick-slip type behaviour. Due to the high sensitivity of the instrumentation 

periodic small changes in depth seen in distributed scratch tests on AlFeMnNb were shown to 

be highly correlated with changes in friction coefficient, with higher friction for regions with 

higher wear depth (figure 6(c)). This may be related to the presence of periodic small cracks in 

the bottom of the scratch track observed in the SEM image in figure 2(f).  

In AFM friction measurements (i.e. lateral or frictional force microscopy) there is also a change 

in friction when encountering surface asperities. Bhushan [45] has described a ratchet 

mechanism where (i) the probe is small compared to the size of the asperities (ii) friction 

increases sliding up an asperity and decreased when sliding down, so that the friction correlates 

with the local slope rather than with contact area. In the nano-scratch experiments the probe is 

relatively large in comparison to the asperity size so that the contact area mechanism 

dominates. 

Typically, isolated changes in friction accompany local failures that result in a change in depth. 

When there is no film failure, the friction force in a repetitive nano-scratch test – in the same 

track - tends to gradually decrease with each cycle due to a progressive reduction in ploughing 

component. Different behaviour was observed in the distributed nano-scratch tests. 
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Interestingly, in the distributed scratch tests on AlFeMnNb and AlFeMnNi there were transient 

changes in friction occurring part way through scans or from one scan to the next but without 

any clear change in depth. These could relate to differences in edge cracking or potentially 

transient changes in tip geometry through debris sticking to the tip. Despite this, there was no 

observable change in tip geometry due to wear at the end of the tests. Possible formation of 

transfer layers, third body effects and changing probe geometry (e.g. moving from spherical 

end to conical part of the probe as penetration depth increases) adds further complexity. 

 

V. CONCLUSIONS 

The thin film mechanical properties and thickness strongly influence the stresses developing 

in the scratch tests and hence how interface is weakened and the subsequent deformation and 

failure behaviour. 

For studying damage tolerance of thin films the novel randomly distributed nano-scratch test 

method (RDNST) is an interesting approach that is complementary to ramped scratches and to 

repetitive scratches in the same track. RDNST is capable of more closely simulating the 

damage progression in abrasion where material removal can be influenced by difficult to see 

interaction between damage produced by different events close to each other. In addition to 

studying how isolated failure events affect subsequent damage progression it is possible to 

monitor the evolution of the film degradation cycle-by-cycle using the mean depth and friction 

over the scratch. 

The three thin film systems studied show very different mechanisms in the distributed tests. On 

AlFeMnNi and nc-TiN/Si3N4 Brittle fracture and film removal with extensive chipping of the 

Si substrate were observed over the entire scratched region in distributed scratch tests at applied 

loads that were only ~0.2-0.3 of the load needed to produce similar fracture and substrate 

Th
is 

is 
the

 au
tho

r’s
 pe

er
 re

vie
we

d, 
ac

ce
pte

d m
an

us
cri

pt.
 H

ow
ev

er
, th

e o
nli

ne
 ve

rsi
on

 of
 re

co
rd

 w
ill 

be
 di

ffe
re

nt 
fro

m 
thi

s v
er

sio
n o

nc
e i

t h
as

 be
en

 co
py

ed
ite

d a
nd

 ty
pe

se
t.

PL
EA

SE
 C

IT
E 

TH
IS

 A
RT

IC
LE

 A
S 

DO
I: 

10
.11

16
/6.

00
03

18
9



24 
 

chipping in ramped load nano-scratch tests, due to film and substrate fatigue. In marked 

contrast, AlFeMnNb deformed predominantly by ductile ploughing with significantly 

improved damage tolerance and crack resistance in the distributed nano-scratch tests. 
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Tables 

Table I. Statistically distributed nano-scratch experiments 

Sample Probe radius 

(m) 

Load (mN) Maximum region 

width (µm) 

Number of 

parallel 

scratches 

AlFeMnNb 5.0 100 100 50 

AlFeMnNb 5.0 100 300 50 

AlFeMnNi 5.0 100 100 50 

nc-TiN/Si3N4 3.8 80 40 20 

nc-TiN/Si3N4 3.8 100 40 10 

 

Table II. Mechanical properties measured at 1 mN 

 H (GPa) Er (GPa) hc (nm) E (GPa) H/E H3/E2 (GPa) 

AlFeMnNb 8.6 ± 0.7 157 ± 8 51 ± 3 174 0.049 0.021 

AlFeMnNi 11.1 ± 0.3 179 ± 6 43 ± 1 203 0.055 0.033 

TiN/Si3N4* 28.9 ± 4.0 321 ± 54 16 ± 2 428 0.068 0.132 

Er has been converted to E assuming  = 0.2. * H and Er data from 1 mN indentations previously 

reported in [26]. 

Table III. Nano-scratch test critical loads 

(i). Ramped load scratch tests with 5 m radius probe 

 Ly/mN Lc1/mN Lc2/mN Lc3/mN 

AlFeMnNb 1.7 ± 1.5 49.0 ± 10.8 162.3 ± 32.2 327.5 ± 31.7 

AlFeMnNi 8.7 ± 2.0 38.8 ± 0.8 109.4 ± 7.0 316.1 ± 47.2 
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Ly = yield, Lc1 = edge cracking/debris, Lc2 = more severe edge cracking/debris formation, Lc3 = 

lateral cracking (AlFeMnNi) or substrate exposure (AlFeMnNi). 

(ii). Ramped load scratch tests on nc-TiN/Si3N4 film with 3.8 m radius probe 

Loading rate 

(mN/s) 

Ly/mN Lu/mN Lc1/mN Lc2/mN Lc3/mN 

10 56.2 ± 3.6 118.0 ± 10.4 151.9 ± 1.4 163.3 ± 8.2 384.3 ± 2.3 

30 54.9 ± 3.5 124.2 ± 13.3 158.9 ± 4.0 176.8 ± 4.4 411.8 ± 20.2 

Ly = yield, Lu = unloading failure; Lc1 = cracking within track; Lc2 = more severe cracking; Lc3 

= extensive lateral chipping and substrate failure.  

Table IV. Mean depth and friction over constant load region in 50 distributed scratches 

Test Friction coefficient On-load probe depth (nm) 

AlFeMnNb in 100 m 0.176 ± 0.026 625 ± 127 

AlFeMnNb in 300 m 0.186 ± 0.018 503 ± 56 

AlFeMnNi in 100 m 0.186 ± 0.039 1028 ± 153 

 

Table V. Mean depth and friction before failure (to scratch 9 at 100 and scratch 15 at 80 

mN) 

Applied load (mN) Friction coefficient On-load probe depth (nm) 

80 0.087 ± 0.003 359.3 ± 10.9 

100 0.096 ± 0.004 453.3 ± 11.7 
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Figure captions 

1. Nano-scratch tests to 500 mN on (a) AlFeMnNb film (b) AlFeMnNi film (c) nc-

TiN/Si3N4 film. SEM imaging of transition point on AlFeMnNb (d) and AlFeMnNi (e). 

The scratch direction is from right to left in (d) and (e). 

2. Distributed scratch tests on AlFeMnNb. (a) Distributions used in the experiments with 

100 and 300 m region width. Depth vs. position data for (b) 100 m region c) 300 m 

region. Comparative mean depth (d) and friction coefficient (e) vs. scratch number data. 

(f) SEM image of the surface after 50 scans within 100 m. 

3. Distributed scratch tests on AlFeMnNi. (a) Depth vs. position data (b) mean depth and 

friction coefficient. (c) SEM image of the surface after 50 scans within 100 m (d) 

higher magnification image. 

4. Distributed scratch test on nc-TiN/Si3N4 film at 80 mN. (a) Depth vs. position data (b) 

Side on. (c) Mean depth and friction coefficient. (d) Optical image of the surface after 

20 scans within 40 m. (e) depth and friction during scratch 15. (f) depth and friction 

during scratch 20. 

5. Distributed scratch test on nc-TiN/Si3N4 film at 100 mN. (a) Depth vs. position data (b) 

side on. (c) Mean depth and friction coefficient. (d) Optical image of the surface after 

10 scans within 40 m. 

6. Correlation of friction and depth in (a) ramped test on nc-TiN/Si3N4 (b) distributed 

scratch test on AlFeMnNi (scratch 8) (c) distributed scratch test within 100 m region 

on AlFeMnNb (scratch 5).   
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