
http://www.diva-portal.org

Postprint

This is the accepted version of a paper published in Wear. This paper has been peer-reviewed but does
not include the final publisher proof-corrections or journal pagination.

Citation for the original published paper (version of record):

Ghasemi, R., Elmquist, L. (2014)

A study on graphite extrusion phenomenon under the sliding wear response of cast iron using

microindentation and microscratch techniques.

Wear, 320(1-2): 120-126

http://dx.doi.org/10.1016/j.wear.2014.09.002

Access to the published version may require subscription.

N.B. When citing this work, cite the original published paper.

Permanent link to this version:
http://urn.kb.se/resolve?urn=urn:nbn:se:hj:diva-24779



Author's Accepted Manuscript

A study on graphite extrusion phenomenon
under the sliding wear response of cast iron
using microindentation and microscratch
techniques

Rohollah Ghasemi, Lennart Elmquist

PII: S0043-1648(14)00279-8
DOI: http://dx.doi.org/10.1016/j.wear.2014.09.002
Reference: WEA101103

To appear in: Wear

Received date: 4 May 2014
Revised date: 2 September 2014
Accepted date: 3 September 2014

Cite this article as: Rohollah Ghasemi, Lennart Elmquist, A study on graphite
extrusion phenomenon under the sliding wear response of cast iron using
microindentation and microscratch techniques, Wear, http://dx.doi.org/10.1016/j.
wear.2014.09.002

This is a PDF file of an unedited manuscript that has been accepted for
publication. As a service to our customers we are providing this early version of
the manuscript. The manuscript will undergo copyediting, typesetting, and
review of the resulting galley proof before it is published in its final citable form.
Please note that during the production process errors may be discovered which
could affect the content, and all legal disclaimers that apply to the journal
pertain.

www.elsevier.com/locate/wear

http://dx.doi.org/10.1016/j.wear.2014.09.002
http://dx.doi.org/10.1016/j.wear.2014.09.002
http://dx.doi.org/10.1016/j.wear.2014.09.002
http://dx.doi.org/10.1016/j.wear.2014.09.002
http://dx.doi.org/10.1016/j.wear.2014.09.002
http://dx.doi.org/10.1016/j.wear.2014.09.002
http://dx.doi.org/10.1016/j.wear.2014.09.002


A study on graphite extrusion phenomenon under the sliding wear 
response of cast iron using microindentation and microscratch 
techniques 

Rohollah Ghasemi a, , Lennart Elmquist a, b 

a Department of Mechanical Engineering, Materials and Manufacturing - Casting, 

School of Engineering, Jönköping University, PO Box 1026, SE-551 11 Jönköping, Sweden 
b SinterCast AB, Technical Centre, Kungsgatan 2, SE-641 30 Katrineholm, Sweden 

 

Corresponding author: Tel: +46 36101179; fax: +46 36166560 

E-mail address: rohollah.ghasemi@jth.hj.se 

Abstract 

This study focuses on the graphite flakes extrusion mechanism during microindenting and 

microscratching of cast iron. Observations on the graphite response under abrasive conditions 

revealed that the matrix deformation which is occurred during a sliding wear condition could have a 

significant influence on its lubricating performance. Simple microindentation and microscratch tests 

were conducted to explore the lamellar graphite contribution to tribofilm formation under abrasive 

wear conditions. The results obtained showed that induced plastic deformation which developed 

adjacent to the graphite compressed the lamellas and in turn resulting in extrusion of the graphite 

from its natural position. Further investigations on both indentation and scratch tests indicated that, 

surprisingly, the graphite began to be fractured and extruded from the centre of graphite lamellas, 

irrespective of the lamella size. Additionally, a mechanism was proposed to explain the self-

lubricating and the extrusion behaviour of the lamellar graphite as a result of indentation. 

Keywords: Lamellar graphite iron; Graphite extrusion; Sliding wear; Abrasive wear; Microindentation testing; 

Microscratch testing

1 Introduction 

Generally speaking, cast iron can be considered to be a self-lubricating metal-base composite 

material [1]. Hence, traditionally lamellar graphite iron has been used in variant tribological 

applications, especially, in situations where encountering the sliding motion such as disc brakes 

and clutch systems [2, 3]. The other application where excellent tribological performance is of great 

importance is piston ring-cylinder liner system. Improvements in the tribological behaviour of cast 

iron are primarily attributed to factors such as microstructure and graphite morphology. Prasad [4] 



investigated the effect of microstructures in terms of the amount of ferrite, pearlite, and graphite on 

wear characteristics. He also performed more studies of the influence of graphite characteristic on 

wear properties in terms of morphology (lamellar and spheroidal), size, content, and distribution on 

sliding wear surfaces. Furthermore, he indicated that lamellar cast iron (predominately that with a 

pearlitic matrix) offers significantly better wear resistance in both dry and oil-lubricated conditions 

than spheroidal graphite iron. Based on the investigations into the wear properties of cast iron 

performed by Sudarshan [5] and Taylor [6], a pearlitic A type lamellar graphite iron, with a limited 

quantity of ferrite, is a viable candidate for piston ring applications. Additionally, regarding the 

influence of hard phases on wear improvement, Eyre [3] and Nadel [7] performed valuable 

investigations, the conclusions of which were validated by other researchers [5, 8]. They stated that 

hard phases stand out from the matrix on a fully run-in surface, and thereby improve the wear 

resistance by minimizing the direct metal to metal contact during sliding. 

Regarding the effective lubricating nature of the graphite in lamellar iron, Sugishita et al., in two 

separate works [1, 9], examined the effect of tribofilm formation under the reciprocating sliding and 

rolling-sliding conditions, respectively. In both studies, the friction and wear performance of lamellar 

cast iron were influenced by the surface graphite conditions. So that for conditions in which the 

graphite can easily lubricate the sliding surfaces a significant decrease, by several orders of 

magnitude, was observed both in coefficient of friction and wear rate. The good tribological 

properties of graphite is basically associated with its anisotropic structure and its weak interlayer 

van der Waals forces [10], as well as the fact that it provides a large lubricating surface area in the 

lubricant mixture during sliding. The interactions between these weak interlayers cause smearing 

processes and the formation of a very thin lubricating film between the sliding surfaces [10]. 

However, and despite this important function, the self-lubricating mechanism of lamellar iron 

remains ambiguous and has not been demonstrated and fully explained in scholarly literature. 

During sliding, the ease with which a graphite particle can be extruded from its embedded position 

is directly proportional to the improvement in tribological performance [11]. In previous work [12], 

Ghasemi et al. found that under sliding conditions, not all graphite lamellas serve the same 

graphite supplying function. Some lamellas are partially or entirely covered after a given period of 

operational time, while others remain uncovered and lubricate the sliding surfaces. Thus, this 

covering tendency is of critical importance, as the consequence of a less effective smearing 

propensity is an increased risk of incidences of scuffing or other issues associated with poor 

tribological properties. In the same study, the relationship between lamellar graphite orientation 

and covering tendency during sliding was investigated; this demonstrated that graphite lamellas 



that are parallel or close to the sliding direction are more easily covered than those oriented away 

from the sliding direction. However, the metal matrix deformation and consequent effect on the 

graphite as a result of sliding remain ambiguous.  

The abrasive wear behaviour of lamellar irons has been studied, using scratch testing techniques, 

by Mendas et al. [13]. They investigated the effect of microstructure, applied various loads and 

attack angles of conical indenter on coefficient of friction and wear characteristics. According to the 

results obtained, graphite plays an important role in affecting the wear performance of the 

specimens. Additionally, Nakamura et al. [14], in examining lamellar iron abrasion patterns, 

demonstrated that sliding surfaces which are in contact only interact within a micro localized area. 

They further demonstrated that the graphite film that is formed on the micro scale is identical to that 

on the macro-scale. Consequently, it derives the attentions for those who attempt to conduct 

further research into the nature of graphite film formation and its corresponding mechanisms to do 

so on the micro, rather than macro scale. A single micro contact, when subjected to a typical 

abrasive particle, can cause the macroscopic contact, and so the interaction of a single hard 

particle can be used to study and explain the macroscopic wear characteristics of a used lamellar 

iron component.  

Any circumstance which results in or exacerbates a scratch on the matrix, particularly in the vicinity 

of the lamellar graphite, can cause major elastic and plastic deformation in the matrix during 

sliding. This can be seen in Fig. 1(a) which corresponds to a real worn surface achieved after 

16,000 h operates as marine diesel engine piston ring. As known, the hard abrasive particles 

present in the piston ring-cylinder liner sliding system are originated either from the fuel catalyst 

(CAT) fines [15] or produced as the consequence of adhesive or corrosive wear (i.e. oxides/debris) 

[16] which were analysed by EDS technique and shown in Fig. 1(b) and (c), respectively. CAT fines 

are considered to be impurities which are present in heavy fuel oil, and result from catalytic 

cracking during the oil refining process. Hard aluminium silicate particles in various forms, sizes, 

and hardness ranges are used during the catalytic cracking process [15]. This interaction between 

the hard particles, matrix, and graphite should be thoroughly taken into consideration in a situation 

where a continuous supplying of graphite is required. According to Jones et al. [17], a moderate to 

high concentration of these hard particles may significantly impact on the wear behaviour of the 

sliding surfaces, in turn resulting in excessive wear to fuel pumps, cylinder liners, and piston rings. 

From this viewpoint, a single asperity or piece of debris may either indent a mating elastic surface, 

or become flattened during sliding [18]. 
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distance between the indentations/scratches was carefully controlled, being maintained at three 

times the length of the indentation diagonal, so that the stress field effect in the vicinity of the 

indentations/scratches was eliminated. All indentations and scratches were made under ambient 

laboratory conditions. 

3 Results and discussion 

3.1 Microstructure of the polished lamellar cast iron surface 

As shown in Fig. 2, the lamellar cast iron microstructure has three distinct constituents. The 

matrix is mostly pearlite (a fine mixture of ferrite and cementite), with a very limited quantity of 

free ferrite. Randomly oriented and distributed graphite lamellas, varying in thickness and length, 

are also observed in the microstructure. Moreover, there exist some hard phases, which are 

revealed as white areas and dispersed throughout the matrix. As stated above, the improvement 

in wear resistance of the piston rings and cylinder liners is somehow related to the amount of 

these hard particles, which minimize the direct metal to metal contact [3, 5, 7, 8].  

Table 2 presents the average microhardness of the pearlite and white hard phase. In order to 

ascertain the repeatability of the measurements, the average of six indentations was calculated. 

The average microhardness of the hard phase present in the structure was 753 HV which, in 

comparison with the microhardness of pearlite (292 HV), increases the overall hardness of the 

cast iron. The effect of the hard phase on wear resistance will be further explored in section  3.3. 

However, one should consider that the data presented for pearlite microhardness does not take 

into account the pearlite lamellar orientation and coarseness of the pearlite, which may have 

caused a differing hardness value for a given coarseness and lamellar pearlite orientation. 

Table 2. Vickers microindentation hardness results for the constituents of the lamellar cast iron 
samples investigated. 

Constituent Length of diagonal [mm]±SD Vickers microhardness HV0.2 [kg/mm2]±SD 

Pearlite 0.0357±0.0017 292.25±26.72 

Hard phase 0.0225±0.0025 752.58±166.56 

3.2 Microindentation testing 

Given the above observations, it was considered to be of value to study in detail the mechanism 

behind the self-lubricating process of the graphite, and its contribution to the formation of the 

tribofilm. Consequently, the microindentation test, together with a microscopic analysis, was 

performed. Indentation leaves a permanent impression on the material surface, and induces 

both compression stresses and shear stresses on the four-sided slant impression surfaces. This 
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Fig. 9. SEM image showing three distinct areas as a result of an indentation made close to the 
graphite lamella. 

3.3 Microscratch testing 

As shown in Fig. 6, abrasive particles can cause severe damage (failure/deformation) to 

tribological surfaces, primarily affecting the topmost matrix surface layers and graphite 

lubricating capability. Fig. 10(a) and (b) demonstrate the SEM morphologies of two scratch 

grooves and their interactions with hard phases and graphite lamellas, respectively; in both 

cases, a ploughing mode was observed. No metal chips, and cracks were observed at the 

bottom of the grooves. Moreover, the contribution of the hard phases in improving the wear 

resistance during scratching is well-discussed in literature [13]. This mechanism is 

illustrated by the SEM micrograph in Fig. 10(a). As seen, gliding occurs on hard phases 

where the indenter crosses the hard phase, and a narrower scratch is formed with no 

displacement of the metal matrix.  

Fig. 10(b) highlights the commonly observed graphite morphologies and their influence on 

tribological properties when subjected to a scratch. A similar extrusion behaviour was detected 

when compared to earlier observations made as a result of the microindentation testing. As 

regards a lamellar graphite which lies in the direction of scratching, the passage of the indenter 

causes compression of the lamellar graphite and extrudes it from its pocket; the graphite then 

follows the indenter by sticking to its tip, causing less scratching. Other investigation [14] led to 

the realization that the decrease in the friction coefficient occurs due to the presence of a 

smeared graphite layer over the scratch groove. However, when the indenter penetrates deeper, 

through application of higher loads, it acts on a consistent volume of the material and thus the 

corresponding damage is more significant. The study performed by Mendas et al. [13] indicated 
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Figure caption 

Fig. 1. SEM image indicating the presence of a CAT fine and wear debris entrapped in the 
lamellar graphite, along with corresponding EDS spectra. 

Fig. 2. Optical photomicrograph illustrating hard phases in a lamellar cast iron; the remainder of 
the matrix is pearlite (2% Nital solution). 

Fig. 3. (a) Optical micrograph of the lamellar graphite before indentation; (b) SEM image 
showing the same area at a higher magnification, in order to further illustrate extruded graphite 
as a result of indentation. 

Fig. 4. The extrusion mechanism of the lamellar graphite caused by microindentation. 

Fig. 5. The response of two graphite lamellas to the similar microindentation, made nearby; 
whilst they vary in size, both display the same extrusion mechanism. 

Fig. 6. SEM image of the worn surface of a marine diesel engine, operated for 16,000 h. 

Fig. 7. (a) SEM photomicrograph and optical image, showing the microindentation shape close 
to the graphite lamellas as (a) unaffected; (b) extruded, respectively. 

Fig. 8. Microindentation shape characteristics; (a) straight edges, (b) concave edges. 

Fig. 9. SEM image showing three distinct areas as a result of an indentation made close to the 
graphite lamella. 

Fig. 10. SEM illustration representing the microscratch interaction developing on a cast iron 
matrix with: (a) hard phases (load 50 g), (b) graphite lamellas with different orientations (load 
200 g). 

 

Table caption 

Table 1. Chemical composition of the lamellar iron tested samples (wt.%). 

Table 2. Vickers microindentation hardness results for the constituents of the lamellar cast iron 
samples investigated. 

 

 

Highlights 

• The interaction between graphite lamellas and abrasive particles is discussed. 
• Matrix deformation showed a major effect on lubricating performance of graphite. 
• A mechanism on self-lubricating behavior of graphite lamellas is proposed. 
• Under matrix deformation all lamellas are fractured and pushed out form the center. 

 

 




