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Abstract 

This study focuses on abrasion resistance of Lamellar Graphite Iron (LGI) using microscratch test 

under constant and progressive load conditions. The interactions between a semi-spherical abrasive 

particle, cast iron matrix and graphite lamellas were physically simulated using a sphero-conical 

indenter. The produced scratches were analysed using LOM and SEM to scrutinise the effect of 

normal load on resulting scratch depth, width, frictional force, friction coefficient and deformation 

mechanism of matrix during scratching. Results showed a significant matrix deformation, and 

change both in frictional force and friction coefficient by increase of scratch load. Furthermore, it 

was shown how abrasive particles might produce deep scratches with severe matrix deformation 

which could result in graphite lamella’s coverage and thereby deteriorate LGI’s abrasion resistance.   

Keywords: Lamellar graphite cast iron, abrasion resistance, scratch test, microstructure, pearlite 

deformation 

1 Introduction 

Lamellar Graphite Iron (LGI) alloys are commonly used in applications such as piston rings and 

cylinder liners in heavy-fuel marine diesel engines, where an excellent combination of thermal and 

tribological properties are required [1, 2]. The self-lubricating performance of LGI is basically due 

to the presence of graphite lamellas in the microstructure, in which, under sliding condition, the 

graphite particles are worn out and the graphite residues end up onto the tribosurfaces. This 

lubricating film formation mechanism; thereby, improves the wear response of sliding system by 

decreasing friction and specific wear rate [3]. In addition, the smearing process of the graphite 

between the sliding surfaces results in reducing of scuffing and seizure risks as well [4, 5]. It is well-

understood that it is tribologically beneficial and is an essential solution to keep the graphite 

particles open on the sliding surfaces in order to avoid scuffing, especially under unlubricated or 
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poor lubricated sliding conditions [3]. However, previous studies showed that a large portion of the 

lamellas are covered under sliding conditions as a result of severe matrix deformation caused by 

both abrasive and adhesive wear mechanisms [6, 7]. It should be noted that abrasion caused by hard 

solid particle contaminations, known as cat-fines, is the one of the key reasons for critical damage 

and marine diesel engines failures [1, 7]. A single large solid particle may lead directly to a system 

malfunction, while small particles may cause a continuous elevated wear [8]. Thus, apart from the 

surface texture of the materials, special care should be taken to ensure that critical factors such as 

fuel treatment and oil cleaning are controlled continuously [9, 10]. In addition, scuffing is more 

probable in the Top Dead Centre (TDC) region of a combustion chamber, where both adhesion and 

abrasion cause severe plastic deformation of the matrix [11, 12]. Scuffing occurs in poor lubricating 

regions such as TDC results in a dramatic increase of friction [13], due to the lack of lubricant and 

covering of a large portion of the graphite lamellas; thereby, deteriorates the overall self-lubricating 

performance of the sliding cast iron parts [14]. The effect of operating parameters such as applied 

load, sliding speed, and lubrication on tribological behaviour of cast iron alloys have extensively 

been studied [10, 15, 16]. However, very few studies have been made to explain and correlate 

microstructural features with abrasion resistance of cast iron components with special focus on 

piston rings-cylinder liner in heavy-fuel diesel engine applications. Hence, an in-depth 

understanding of the relationship between microstructure, mechanical and tribological properties 

could help engine designers and manufacturers to develop cast iron engine components with 

improved mechanical and tribological performance.  

Scratch testing has traditionally been employed to characterise the coating-substrate adhesion 

strength [17] and scratch resistance of different coatings [18] and polymers [19, 20]. Noticing that 

surface scratching is a complex process especially when a cast iron that has a composite nature is 

involved [21]. In the case of bulk materials, the scratch test has recently been used to evaluate the 

surface mechanical properties such as scratch hardness [22, 23] and to determine the fracture 

toughness [24, 25]. Even though abrasion is a very complex mechanism, scratch test is a valuable 

tool to characterise the abrasion and wear resistance of various materials, thus mimicking low or 

severe abrasion [26]. In a typical single-pass scratch test, a controlled normal force is imposed to an 

indenter (diamond stylus) of defined geometry and allowed to move at a specific speed over the 

work piece surface to scratch and produce mechanical deformation [27, 28]. The induced tangential 

and normal forces as well as the resulting scratch morphology are correspondingly analysed to 

assess the surface mechanical properties and scratch resistance of the bulk material. These findings 

enable us to crudely simulate the interaction between a single spherical hard particle (cat-fine), the 

cast iron matrix and the graphite as well as examine the related matrix deformation under abrasion. 
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The main objective of this study is to correlate the experimental results obtained from the 

microscratch testing and scratched surface analyses with microstructural features to determine the 

abrasion resistance of LGI. The SEM imaging was used to study the interaction between abrasive 

particles (cast-fines/debris) and microstructure, by evaluating the wear damage and related matrix 

deformation mechanisms during scratching.  

2 Experimental procedure 

2.1 Materials and sample preparation 

An alloyed pearlitic LGI cut from a large bore heavy-fuel two-stroke marine diesel engine piston 

ring, shown in Figure 1(a), with a typical composition given in Table 1, was selected for this study.  

Table 1. Chemical composition of the LGI piston ring sample investigated (wt.%). 

C Si Mn Ni Mo Co Ti Cr V S P Ceq 
3.30 1.55 0.85 0.35 0.60 0.85 0.07 0.15 0.15 0.08 0.10 3.84 

Carbon equivalent (Ceq)= C% + (Si% + P%)/3. 

Specimens with dimensions of 20 mm × 20 mm × 15 mm were metallographically ground with 

silicon carbide papers progressively, followed by polishing down to 1 µm diamond paste. The 

polished specimen was then cleaned with acetone in an ultrasonic cleaner prior to scratch testing. 

This was done to exclude any surface roughness feature’s influence on the scratching marks and 

results. The sample surface prepared for scratch test had a surface roughness (Ra) of approximately 

0.02 µm. In cases where studying the pearlitic deformation were of interest, the polished surface was 

very gently etched using Nital solution 2% before scratch testing. 

 
Figure 1. SEM micrographs representing (a) microstructure of a typical pearlitic lamellar graphite iron before 

scratching, (b) scratched produced in actual piston ring because of interaction between cat-fine particle, matrix and 
graphite lamella. 

A typical in-service interaction between a cat-fine particle and the cast iron microstructure is shown 

in Figure 1(b). This surface corresponds to the piston ring surface facing the cylinder liner. Detailed 

microstructural investigations and scratched surface analyses were performed using a Light Optical 
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Microscopy (LOM), Olympus, and Scanning Electron Microscopy (SEM), JSM 7001F. The non-

contact 3D profilometer was performed using Alicona Mex-Professional reconstruction software in 

TESCAN LYRA3 SEM for scratch depth and scratch profile analysis.   

2.2 Microscratch testing  

Scratch resistance (in this case abrasion resistance of the LGI) was characterised by conducting a 

single-pass scratch test using an instrumented micro and nanoscratch apparatus developed at Micro-

materials NanoTest system. The employed apparatus, (Figure 2(a)), is equipped with an optical 

microscope, tangential friction force and penetration depth sensors. To perform the scratch test, the 

specimen is fixed to a holder on a positioning table, which moves vertically in the z-axis up or 

down, whilst the contact load can be either held constant or progressive at a user-defined rate. 

During scratching, the depth of penetration (dp) and frictional (tangential) force are continuously 

recorded.  

 
Figure 2. (a) Schematic drawing of micro and nanoindentation, and scratch test set up; (b) Schematic representation 

of abrasive particle with a sphero-conical tip geometry. 

An indenter with a defined geometry, which can be modelled as a single asperity or semi-spherical 

cat-fine particle in abrasive type of wear mechanism was used to investigate the nature of the 

microstructure’s (mainly matrix and graphite) failure events under scratching (abrasion). A diamond 

indenter with a sphero-conical tip (nominal radius 25 µm) and having a cone angle of 2θ = 90°, as 

schematically illustrated in Figure 2(b), was used for scratching the surfaces. The scratch tests were 

conducted in accordance with ISO 14577-1:2002 standard at room temperature ~ 25° C under 

constant and progressively increasing normal loading conditions. The pre- and post-topographies 

with a scanning load of 0.2 mN were conducted to determine the surface topography of the surface 
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prior to the scratching and measure the residual groove depth after elastic recovery, respectively. At 

least three scratches were performed on LGI under progressive load conditions and the average data 

are reported in this study. The scratch depth was measured relative to the surface profile before 

scratching. The average scratch width was measured using the SEM images. 

2.3 Scratch hardness  

For viscoelastic-plastic materials, the recovered material will partially support the rear half of the 

indenter tip in the trailing zone as it moves forward, however the material’s rate of recovery and the 

imposed scratch velocity significantly influence this support. Recovered scratch width data were 

further used to compute scratch hardness. For a general viscoelastic plastic-material, such as LGI 

alloys, the scratch hardness HSp is approximately defined by Eq. (1) [19]: 

p
n

2 )

4FF nqA (  πW
HS ≈≈   (1) 

where A is the projected area supporting the normal load, Fn is the normal load applied to the 

indenter tip, W is the recovered width of the scratch and the parameter q varies according to test 

material’s response (q≈2 for rigid plastic materials and a plastic deformation case when the load is 

only supported on the front face of the indenter and q≈1 for viscoelastic materials). Note should be 

taken that the scratching velocity and the geometry of indenter are the other parameters that 

influence the q value. The corresponding q value for a plastic deformation is q=2. 

3 Results and discussion 

3.1 Constant load microscratch testing 

Figure 1(b) represents a severely abraded LGI surface caused by a cat-fine particle, which was 

detected on the actual worn out piston ring samples studied. As can be seen, the abrasion process 

was accompanied by micro-ploughing, which resulted in a severe matrix displacement/deformation 

to the sliding surfaces. This observation showed that if these hard asperities come in contact with 

piston rings and cylinder liner surfaces, they can easily produce deep scratches on the surfaces. Such 

an interaction could significantly change the topmost metal matrix surface layers and thereby 

deteriorates lubricating capability of the graphite lamellas under sliding conditions. 

In the present investigation, as the first attempt, the constant load scratch tests (A and B) were 

performed over a typical graphite lamella. Note should be taken that degree of approximation of 

speed and materials properties, lubricating condition and its rate dependence temperatures and so 

forth are still far from the real combustion chamber. The 1000 mN applied normal load on a sphero-

conical indenter radius of 50 µm, results in contact pressure of about 130 MPa, which is similar to 

the scuffing load as determined as extreme pressure in large bore low-speed two-stroke marine 
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diesel engine. In real ring and cylinder liner system, the conventional contact pressure is 15-20 MPa 

[13]. Scratches (of length 300 µm) were made employing a constant load with scanning velocity of 

10 µm/s and pre- and post-scan topography forces of 0.2 mN. A load of 1000 mN corresponded to a 

residual scratch width of ~ 35 µm. The SEM images shown in Figure 3(a) and (b) highlight the 

common responses of graphite lamellas under scratching and how they could contribute to lubricate 

the sliding surface under abrasion conditions, respectively.  

 
Figure 3. (a) Scratched surface of a typical lamellar graphite sample; (b) showing the extrusion and fracture 

behaviour of graphite lamella under scratching. For both scratches a load of 1000 mN was employed. Scratch 
direction is from bottom to top. 

According to Mendas et al. [29], under abrasion and sliding conditions the graphite particles are 

smeared in front of the hard particles (indenter) and act as self-lubricating agents by decreasing the 

friction coefficient. However, in our study it was often observed that the graphite lamellas were 

primarily fractured from the centre and then extruded, as marked in Figure 3(b), and more 

specifically got covered because of severe matrix deformation occurring in the course of scratching 

rather serve their smearing effect and lubricating performance. Furthermore, under 1000 mN, the 

scratches’ interactions with the graphite lamellas and metal matrix were mainly governed by 

ploughing and no metal chips formation in front of the indenter. The chips formation phenomenon 

next to the wear groove was also detected on the edges of the scratches. In addition, at the bottom of 

the scratch track B, delamination of the matrix (controlled by a stick-slip mechanism) is visible, as 

identified by black dashed rectangular area in Figure 3(a).  

As the indenter passed the graphite lamella, a part of the affected volume of the grooves were 

displaced sideways to the edges. This was accompanied with an extensive plastic deformation of the 

matrix, pile-ups formation, without inducing micro-cracking, while this interaction was not detected 

before the indenter faced the graphite. This observation indicates that the removal of material 

mainly occurred first by micro-ploughing and then partially by micro-cutting mechanism. As an 

interesting phenomenon, it was noted that a similar fracture and extrusion behaviour accompanied 
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by empty pocket formation and crack initiation near the scratches occurred during scratching as 

compared to our earlier study using microindentation techniques [30]; see Figure 3(b). In this 

failure mode, the graphite layers were first folded and then the cracks were formed in the centre of 

the graphite lamellas. 

 
Figure 4. (a) Scratch depth and frictional force, (b) scratch depth and friction coefficient profiles correspond to the 

scratch B conducted over the graphite lamella. A constant scratch load of 1000 mN was employed. 

Figure 4(a) and (b) present the scratch depth, post-scratch topography, frictional force and friction 

coefficient, respectively, measured during the scratch B performed on graphite lamellas, as 

presented in Figure 3(a). The similar behaviour was observed in scratch A. The black solid and red 

dashed lines show the scratch depth during scratching and the residual (plastic) depth once the 

scratch load has been removed, respectively. These have been corrected for initial sample 

topography, shown by black dotted line. The frictional force and friction coefficient values are 

shown in Figure 4(a) and (b) by blue dashed-dot and green dashed-dot-dot profiles, respectively. 

The difference between the scratch depth and post-scratch topography give an idea of the 

significance of the elastic recovery happened in the matrix once the applied load was released. Note 

should be taken that the positive y-axis has been selected as reference for scratch depth (indenter’s 

depth of penetration).  

As expected, under an individual constant scratch load, the elastic recovery of a uniform material 

should not be changed providing that the indenter cross over the matrix with the same 

characteristics, as can be identified for the scratch length of about 130 µm to 210 µm. However, it 

this case, the indenter faces different microconstituent (such as pearlite with different inter-lamellar 

spacings structure which could be one reason for such strange increase of elastic recovery after 210 

µm. The other possible explanation for a very small plastic deformation recorded during the 

experiment, over 210 µm, could be the explained by the limitation of sphero-conical shape and size 

of the indenter used for post-scan topography measurement after induced scratching, in particular, at 

the end of the scratch. Hence, in ordered to properly evaluate the elastic recovery and plastic 
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deformation non-contact surface profilometer, as will be presented in section 3.2.3, is preferred 

which will be extensively discussed in upcoming work. Furthermore, it has been discussed by 

Kataria et al. [31] that larger plastic deformation is accompanied with reduced elastic recovery at 

higher scratch loads and at higher scratch speeds, plastic deformation rates are higher which caused 

friction coefficient to be of higher magnitude. 

As can be observed, as the scratch proceeded, the depth of penetration was increased and reached 

maximum in the middle of the graphite lamella. Then, it was decreased while the indenter moved 

onwards the graphite and faced the pearlitic metal matrix again. This interaction can be linked to the 

change of frictional force so, as the scratch proceeds, the frictional force increases, however, it 

significantly dropped as the indenter faced the graphite. As can be observed in Figure 4(b), the 

friction coefficient was following the same trend as explained for the frictional force. One reason 

could be correlated to the graphite lamella’s orientation beneath the surface and described by the 

less amount of metal matrix beneath the indenter in this region, as reported previously [32]; thus, the 

metal matrix could not fully support the applied load during scratching. This is visible from the 

characteristic of the scratch scare just before the graphite. Moreover, the frictional force, and 

consequently friction coefficient, increased just on the other side of the graphite lamella again, 

approaching the maximum value because of the edge effect of the graphite/matrix interface. Further 

scratching was carried out with a slight decrease in frictional force and friction coefficient. This 

phenomenon was accordingly observed together with delamination of iron metallic matrix and 

debris formation on the side of the scratch track, as marked in Figure 3(a). 

3.2 Progressive load microscratch testing 

In general, scratch test under constant load offers a good understanding of materials failure under 

abrasion condition. While the biggest advantage of progressive load scratch testing is to study the 

evolution of material deformation characteristics during contact sliding conditions. Moreover 

progressive scratching enables to identify the critical loads for various failure mechanisms [33]. In 

this part of the investigation the scratch resistance and related deformation responses of graphite 

lamellas, carbides and pearlite matrix were studied. 

3.2.1 Graphite lamellas failure mode 

Figure 5(a) and (c) present the two graphite lamellas selected in this study to perform scratch 

testing alongside them. This was carried out to examine the fracture and lubricating behaviour of 

graphite lamellas when they are subjected to the matrix deformation resulted from abrasion, in this 

case by scratching. The scratch load was applied in a progressive manner from 5 mN up to 2000 

mN, and 3000 mN in order to monitor the onset of the graphite fracture and/or push-out 
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phenomenon of graphite under abrasion. The scratches were conducted on the metal matrix ~ 40 µm 

away from the graphite lamellas. The selection of this range of load was mostly based on their 

relative importance in piston rings and cylinder liner and industrial usages to crudely mimic the 

abrasion condition caused by a typical spherical cat-fine particle. This scratch condition was chosen 

by taking into the consideration the cat-fine’s sizes and shapes as well as the pressure developed on 

TDC region of the combustion chamber [13], similar to what was observed earlier in Figure 1(b).  

 
Figure 5. LOM images showing the graphite lamellas appearance: (a), (c) before scratching; and (b), (d) after 

employing scratches. Scratch directions are from left to right. 

The characteristic influences of applied load on plastic deformation occurring during scratching, and 

lubricating performance of graphite lamellas are demonstrated in Figure 5(b) and (d). As can be 

seen, under progressive load condition, 5mN to 1500 mN (Figure 5(b)), the graphite lamella 

remained unaffected. While in the other case (Figure 5(d)), further increase of scratch load to 3000 

mN was high enough to fracture the graphite lamella. This was because the material in contact with 

the tip of indenter, was deformed (compressed) sideways and thereby pressed the graphite lamella in 

a successive manner. As the tip of the indenter penetrated deeper into the material, the material was 

pushed away. The evidence of the fractured graphite lamellas is found on the scratch made under 

progressive normal load of 5 mN to 3000 mN as marked by the white tracks in Figure 5(d). 

Further increase of the scratch normal load resulted in activation of the graphite extrusion 

phenomenon and thereby acting as self-lubricating agent during sliding. Such behaviour was due to 
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the excessive deformation of matrix, which occurred around the scratch groove as a result of 

scratching the metal matrix. Accordingly, for such a scratch distance, slightly over the 2000 mN 

load was found as the threshold of yielding the graphite lamellas in LGI under abrasion. 

Nevertheless, it is obvious that the closer the scratching to the lamellas is, the less normal load 

would be required to fracture the graphite lamellas. Furthermore, increasing the applied load would 

result in extrusion of the graphite from its pocket, as discussed in our previous work [30]. 

3.2.2 Microstructural deformation mechanisms 

In the present study, the scratch testing technique was utilised to also correlate the microstructural 

features with abrasion resistance of a typical lamellar cast iron material. In the case of bulk 

materials, progressive load scratch test is a suitable method to investigate the critical scratch normal 

loads which cause the cohesive failures, such as cracking, or plastic deformation of the studied 

material which affect the overall tribological performance of the material.  

 
Figure 6. (a) Pre-, post-scan topography and scrach depth profiles corresponds to scratch No. III ; (b) SEM 

micrograph showing full scratches perfomed on LGI under progressive load ranging from 5 mN to 1500 mN (No. 
I&II), and 5 mN to 3000 mN (No. III&IV). Scratch direction is from left to right. 

For this purpose, several scratches were performed on LGI sample under progressive load 

conditions ranging first from 5 mN to 1500 mN (scratches No. I&II), and then 5 mN to 3000 mN 

(scratches No. III&IV). The actual depth of penetration at the time of scratching (scratch depth), 

pre- and post-scan topographies profiles versus the scratch length were recorded and typically 
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presented for scratch No. III in Figure 6(a). The SEM micrographs showing the interactions 

between the indenter and the cast iron matrix and graphite lamellas for four progressive load 

scratches, corresponding to two different loading conditions, are shown in Figure 6(b). The applied 

normal load, frictional force and friction coefficint values which were also continuously monitored 

during scratching, as plotted in Figure 7. 

  
Figure 7. (a) Scratch load, frictional force and friction coefficient profiles measured during scratching correspond to 

scratch No. III. 

Generally, in all scratches shown in Figure 6(b), the introduced nominal strain caused by the 

sphero-conical indenter normal to the surface was sufficiently high to cause plastic yielding or 

fracture in the localised regions of the sample where the scratches were produced. It also showed a 

noticeable influence of scratch load increment on induced plastic and elastic deformation as well as 

failure appears in each individual phase and micro-constituents present in the microstructure. The 

failures corresponding to each individual phase caused by scratching can be differentiated by the 

scratch depth and frictional force profiles. As can be seen in Figure 7, the frictional force, and 

friction coefficient are fluctuating along the scratch path when indenter passes over different phases. 

Further SEM image analysis of scratch No. III was performed to obtain an in-depth understanding 

of how material deformation and removal processes take place during scratching. This has an 

outstanding consequence in better understanding of the correlation between abrasion, which takes 

place by hard particles or loose debris; and the influence of its produced plastic deformation on 

resulting tribological performance of LGI alloys. Selected regions marked by white dashed boxes in 

Figure 6(b), and their related deformation mechanisms are presented in SEM images in Figure 8. 

The obtained results revealed a clear change in deformation mechanisms along the scratch length 

under different magnitude of normal loads ranging from 5 mN to 3000 mN. These effects can be 

seen in Figure 8(a)-(f). As shown in Figure 8(a), at very low load scratch the matrix deformation is 
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insignificant, in that the stylus just passed over the pearlite with no considerable induced 

deformation. However, after scratching ~ 150 µm of the surface (Figure 6(b)), which corresponds 

to 150 mN, a small displacement of matrix with no significant interaction with the graphite was 

detected, in that, the indenter just passed over the graphite lamella with marginal deformation. The 

plastic deformation became more pronounced at increased scratch load up to about 500 mN, which 

resulted in a visible deep groove with increasing scratch depth and width. 

 
Figure 8. High magnification SEM micrographs of scratches produced on LGI sample under progressive load scratch 
testing ranging from 5 mN to 3000 m; indicating the interactions between indenter and various micro-constituents in 

the microstructure. Scratch direction is from left to right. 

A continuous increase of scratch load resulted in a noticeable deformation of the pearlitic matrix, 

which is mainly controlled by a micro-ploughing mechanism. This is identified by the presence of 

ridge formation along the scratch groove as results of displacement of the matrix without physical 

removal of the material and metal chip formation ahead of the indenter in Figure 8(b). However, at 

higher scratching loads, debris particles/chips are formed on the sides of the scratch track as well 

(Figure 8(c)), while the deformation mechanism is mostly controlled by a severe micro-ploughing 

abrasive wear mechanism. 
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In addition, a closer look at Figure 8(d) shows that increasing the normal load and therefore scratch 

depth, considerably increased the amount of material which was being pushed out from the stick-

slip phenomenon becoming severe at higher loads. Furthermore, the micro-wedge formation 

mechanism could also be observed after a scratch length of 1000 µm which is valid up to 1500 µm. 

Whereas the transition between micro-ploughing to micro-cutting mode was accompanied with a 

remarkable pile-up formation and matrix failures in the form of delamination at the bottom of the 

scratch tracks as seen in Figure 8(d). This figure shows material removal during scratching in the 

form of debris at loads higher than 1500 mN as well as increasing the scratch width along the 

scratch depth. However, some bulge or pile-up can be seen on the sides of the scratch indicating 

ductile deformation of the pearlite matrix. Moreover, as seen in Figure 8(e) and (f), micro-cutting is 

the dominant wear mechanism when the indenter was scratching the metal matrix under loads of 

higher than 1500 mN, where a significant damage and severe delamination of the material on the 

bottom of the scratch grooves can be recognised. Similar behaviour was observed for the scratches 

No. I, II; however, the micro-ploughing and micro-cutting damages appeared in different locations 

due to the different applied loading conditions.  

One of the most interesting findings of this study is that, progressive load scratch test enables to 

monitor the threshold load required to stimulate the graphite to extrude from its pocket, as illustrated 

in Figure 8(d). Such observation clarifies the previous claim presented in Figure 5 that a minimum 

load of about 2000 mN is essential to trigger the graphite to extrude and act as lubricating agent 

during abrasion. 

Besides, the impacts of the metallic matrix on scratch resistance, presence of hard phases such as 

carbides and phosphides improve abrasion resistance, because these hard phases stand out from the 

matrix on a fully running-in surface, thereby enhancing wear resistance by minimising the direct 

metal to metal contact [1, 6, 34]. A sudden change in scratch depth, frictional force and friction 

coefficient profiles during scratching, as shown in Figure 6(a) and Figure 7, could be a good 

indicator of tracking the nature of matrix deformation mechanism, delimitation process, or the 

interaction between indenter and micro-constituents. This conclusion, has been confirmed by the 

performed scratch test (Figure 8(e)), where the indenter passed over a hard phase, and formed a 

very a narrow scratch with insignificant displacement and a significant drop in frictional force and 

friction coefficient values, illustrated in Figure 7. These findings are in accordance with results 

discussed in literature [1, 29, 35]. However, as Figure 8(e) indicates, too much applied load (about 

2000 mN) could lead to damage and fracture of these hard phases. This would be very detrimental 

to the tribosystem as these detached particles can act as secondary abrasive particles during the 
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sliding process and cause severe abrasion. It is worth mentioning that in none of the scratches, 

cracking was observed for scratch loads up to 1500 mN and 3000 mN. 

3.2.3 Scratch depth and scratch width 

The effects of progressive normal load on the actual depth of penetration during scratching and 

residual scratch width (cross-section) profiles are presented in Figure 9(a) and (b), respectively. A 

high coefficient of determination, R-squared value, is a good indicator of a good fit for these 

measurements. The scratch width was presented as an average of the recovered scratch width data 

obtained from the SEM images taken from at least three scratches. Since the scratch width was 

varying along the individual scratch length, a mean value of sixteen measurements correspond to 

sixteen different scratch positions and loads, as the data shows in Figure 9, has been presented for 

each scratch condition.  

 
Figure 9. (a) Scratch depth; (b) scratch width corresponding to the progressive load scratch testing 5 mN to 3000 mN. 

Figure 9(a) and (b) indicate distinctly that both the scratch depth and scratch width tend to increase 

with increasing the applied normal load. Comparing the depth of penetration result presented in 

Figure 6(a), with the scratch frictional force, friction coefficient data shown in Figure 7 and scratch 

depth and scratch width illustrated in Figure 9(a) and (b), a clear change is seen in the scratch 

frictional force and depth profiles at about 1000 mN across the scratch length, where a significant 

increase of depth of penetration is noticeable. The scratch depth varied between 0.2 µm and 2.5 µm 

for the range of loads of 5 mN and 1000 mN, while it increased remarkably to ~ 20 µm for a 

scratching load of 3000 mN. Hence, the 1000 mN load could correspond to a significant change in 

deformation mechanism of the material studied.  

In addition, by comparing the data presented in Figure 9(a) and (b) with the SEM scratch 

micrographs in Figure 6(b), it can be seen that the increasing normal load increases the amplitude 

of the frictional force fluctuation. This is because of the severe microstructural deformation 

mechanism occurred over the scratch length by increase of applied load, as presented in Figure 
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6(a). Furthermore, increase of scratch loads lead to a remarkable plastic deformation and surface 

damage to the sliding surfaces. 

 
Figure 10. Scratched surface analysed done using SEM equipped with non-contact 3D profilometer, (a) typical 3D 
SEM-image, (b) colourful 3D SEM-image taken from tip of the scratch No. III corresponds to progressive applied 

load range of about 2800 mN to 3000 mN. 

The recovered scratch depth was further validated by scratch analysis using SEM equipped with 

non-contact 3D profilometer. The obtained results are shown in Figure 10(a) and (b). As can be 

seen a very good correlation exists between the measured depth of penetration from scratch testing, 

Figure 6(a), and SEM scratched surface analysis, Figure 10(a). 

3.2.4 Scratch hardness 

The scratch hardness number for the pearlitic LGI is plotted as a function of progressive applied 

load in Figure 11. The values obtained from measuring the scratch width at different locations of 

the scratch which correspond to various applied loading conditions and computed using Eq. (1). As 

can be seen, the scratch hardness decreased as the applied load increased and then remained fairly 

consistent between 2 GPa and 3 GPa.  

 
Figure 11. Scratch hardness of pearlitic LGI computed based on the data obtained from the scratch width after elastic 

recovery. 
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3.2.5 Pearlite deformation mechanism 

A large increase of the normal load changed the deformation mechanism of the pearlite from ductile 

to brittle failure. This change was captured at high magnification in the SEM and images are shown 

in Figure 12(a)-(d). A closer look at the SEM images shows the scratch behaviour of pearlite 

matrix, varies under progressive load scratch testing along the scratch track. This could be explained 

by different mechanical properties and characteristics of the pearlite lamellas structure for instance 

interlamellar space parameter [36, 37], which gave rise to deform pearlite in different ways. This 

could be considered as an indication of the bulk mechanical properties. It is also seen that the 

deformation mechanism, to a large extent, is dependent on the induced normal load and depth of 

scratching. In addition, as observed, the material removal and debris/chips formation process 

depends upon the scratch depth. To scrutinise the pearlite scratch response, under very low load of 

50 mN, no notable interaction with a very smooth scratch track was detected in the pearlite proven 

by that the pearlite matrix (ferrite and cementite plates) remained unaffected, as depicted in Figure 

12(a). Increasing the scratch load to ~ 500 mN resulted in shearing off the material without much 

plastic deformation around the indenter as very little formed bulge pile-ups could be distinguished 

on the scratches’ sides, showing the insignificant plastic deformation during scratching. 

 
Figure 12. Scratch deformation behaviour of pearlite structure under progressive load scratching: (a) no significant 
deformation, (b) onset of the plastic deformation and yielding of pearlite structure, (c) severe plastic deformation of 
pearlite and debris formation, (d) severely affected matrix, stick-slip occurrences and pile-up formation of pearlite. 

Scratch direction is from bottom to top. 
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However, under an applied load of ~ 800 mN, we could detect still a smooth track, however, as 

presented in Figure 12(b), the onset of plastic deformation of pearlite and perceivable deformed 

pearlite parallel to the scratching direction are visible. This onset criterion can be identified by the 

relatively smooth scar grooves and formed as side bulges along the scratch length and some wear 

debris attached to the bulk. In another word, applying such a high scratch load was found as a 

threshold load for the current pearlite structure to deform ferrite and cementite plates and induce 

such a lateral displacement of the pearlite phase.  

However, completely different deformation mechanism scenario would control the pearlite 

deformation behaviour when the scratch load reaches 1500 mN. Increasing the scratch load to such 

a level resulted in a coarse scratch scar with a substantial displacement of pearlite together with 

occurrence of slip-stick phenomenon in the bottom of the grooves and formation of sharp shape 

debris, as shown in Figure 12(c). It is important to note here that these unwanted sharp debris, 

formed at 1500 mN scratch load and above, are very harmful to the abrasion resistance (particularly 

in a closed-tribosystem such as a combustion chamber) owing to their potential of secondary 

damage and scratching during sliding processes [29]. One extreme is the behaviour shown by 

further increase of scratch load up to 2500 mN and above. This observation can be related to the 

large compressive stress, which is built around the tip, particularly in front and beneath the indenter. 

Such a high induced compressive stress, due to the high scratch load, results in a high strain to the 

material in front of the indenter surface rather than the bulk material. 

Under such high scratch load condition, the material in contact with the tip of the indenter 

experiences a severe plastic deformation and failure both to the matrix and graphite lamellas, which 

resulted from the high stress in the bulk material. This could also lead to wear debris formation and 

very coarse and successive delamination of the matrix, as detected in the bottom of the scratch track 

and shown in Figure 12(d). In this scratch (abrasive wear) mode, the material removal primarily 

takes place due to the stick-slip events and micro-cutting abrasion mechanism which are the main 

processes involved in wear debris formation during the present single-pass scratching at higher 

scratch loads and depths. However, some pile-up can be seen on the sides of the scratch indicating 

ductile deformation. In addition, the fracture and extrusion of the graphite lamellas from their 

pockets most likely occurs under such a high loading condition, as one of these cases can be 

observed in front of the indenter for scratch No. IV at normal loading of 3000 mN (Figure 6(b)). 

4 Conclusions 
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Based on the microscratch testing using a sphero-conical diamond indenter, performed under 

constant and progressive load conditions on a typical LGI sample, the following main conclusions 

can be drawn: 

i. Increasing the scratch load in a progressive manner and hence scratch depth significantly 

affected deformation mechanism happening during the scratching process as so increasing 

the scratch load resulted in increase of both the material removal and sideway pile-ups 

formation, which matrix deformation occurring became very severe over 1500 mN and 

above applied load conditions.  

ii. The critical load for the onset of pearlite plastic deformation and the evolution of the pearlite 

deformation were determined under different scratch load conditions. At low-applied load ~ 

500 mN, the micro-ploughing mechanism controlled the plastic deformation of pearlite, 

while increasing the scratch load up to ~ 1500 mN and above caused to micro-cutting with a 

significant plastic deformation/displacement of pearlite, debris/chips formation. This scratch 

mechanism was accompanied with a coarse successive matrix delamination in the bottom of 

the scratch tracks.  

iii.  The matrix deformation in the form of micro-ploughing, micro-wedge formation and micro-

cutting had a significant influence on frictional force and friction coefficient values. As the 

scratch load increased, the frictional coefficient increased and then decreased which is 

explained by the transition from the ploughing mode to wedge-formation and then cutting 

mode during scratching. 
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Highlights 
• Interactions between abrasive particles, pearlite and graphite are simulated.

• Scratch load effects on deformation mechanism of pearlitic matrix is discussed.

• The critical load for the onset of pearlite plastic deformation is determined.




