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Abstract: This study compares micro-abrasive wear in two kinds of grey cast iron. Classical lamellar cast iron 

with fully pearlitic matrix (FGL1) and lamellar micro-alloyed cast iron with phosphorus and boron (FGL2) are 

used. FGL2 has a fully pearlitic matrix reinforced by the hard phosphorus eutectic phase. The microstructures 

of these two types of iron are mechanically characterized using nanoindentation tests. Vickers microindentation 

and microscratch tests are also performed on these iron samples. The indent and scratch images obtained via 

scanning electron microscopy were used to compare the scratch damage to the two kinds of iron. The friction 

coefficient is discussed in terms of applied load, indenter attack angle, and scratch damage. Nanoindentation 

tests show an improvement in graphite’s mechanical properties and an increase in the matrix hardness of the 

FGL2, relatively to FGL1. The same damage forms for both microindentation and microscratch testing were 

observed for the two iron samples. However, cracking of the hard phase is observed in FGL2. The results show 

that the scratching of the micro-alloyed iron (FGL2) leads to less matrix damage and to an extended microploughing 

wear mechanism. However, at low normal load, the reinforcement of the matrix can increase the friction 

coefficient. 
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1  Introduction 

Because of its important qualities, such as good 

machineability, good castability, high wear resistance, 

and low production cost, grey cast iron is widely 

used for many machine elements subjected to friction 

loading. These elements include cylinder liners [1, 2], 

crankshafts for heat engines [3], and discs and brake 

drums for automobiles [4]. Several improvements in 

tribological performance of cast iron are associated 

with an optimization of the microstructure [5–7].  

Grey iron is distinguished by the presence of 

graphite in the lamellar form of random orientation 

and other matrix constituents. The graphite contributes 

to tribofilm formation and strongly influences the 

friction coefficient during sliding loading. Indeed, 

Collini et al. [8] consider graphite to have isotopically 

perfect elastic behavior and symmetric mechanical 

properties in tension and compression. However, in 

the literature, there are many converse effects on its 

mechanical properties, such as Young’s modulus and 

hardness [5, 9, 10]. Nevertheless, graphite’s influence 

on the matrix deformation and wear mode of cast iron 

has been the subject of many recent experimental 

studies [2, 11–13]. 

The judicious choice of additional elements to 

classical cast iron can significantly improve the matrix 

hardness and abrasive wear resistance. The addition 

of boron to the classical grey cast iron at 0.02% increases 

the tensile strength and hardness, whereas, beyond this  
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value, a decreasing in these properties is observed 

[14]. Phosphorus is also used in special tribological 

applications [8] of grey cast iron. Phosphorus leads to 

the formation of hard and brittle phosphorus eutectic 

phases, commonly referred to as steadite, which 

increases the matrix hardness and the wear resistance 

[8, 15]. However, steadite is the last element to solidify, 

which leads to crack nucleation at the matrix-hard 

phase interface [8] and formation of micro-porosities 

[8, 14]. A high level of phosphorus content decreases 

tensile strength [16], but increases hardness [17].  

The existence of these phases (which are harder 

than the matrix) and the presence of graphite (as a soft 

phase), in addition to a lack of information about the 

nature of the interface, make it difficult to understand 

grey cast iron behavior in abrasive wear. However, 

interactions between the matrix and these phases 

during sliding require further investigation. Recently, 

several experimental techniques have been used to 

examine the macroscopic abrasion of grey cast iron 

[18, 19]. Other investigations of their microscopic 

abrasion wear via microindentation and microscratching 

have been performed [11–13], in addition to nano-

scratch tests [20]. In most of these experimental studies, 

the tribological behavior of the cast iron is discussed 

based on the test conditions and the addition of 

different chemical elements on the iron’s microstructure. 

Ghasemi et al. [13] have studied the microstructural 

response of lamellar cast iron via microscratch tests 

under constant and progressive loading. They found 

that when scratch load increased, the friction coefficient 

increased, but decreased based on the wear mode 

mechanism.  

This study attempts to compare the abrasive 

wear of two kinds of lamellar grey cast iron using 

microindentation and microscratch tests. The first 

sample has a pearlitic matrix and the second one has 

a pearlitic matrix reinforced by a hard phase. Thus, 

two types of grey cast iron were used: classical 

lamellar (without a hard phase) and cast iron alloyed 

with phosphorus and boron. First, all microstructural 

constituents of the two types of cast iron were 

mechanically characterized using nanoindentation. 

Second, microindentation Vickers and microscratch 

tests were performed under several loading conditions. 

The behavior of the constituents of iron and the 

elementary wear damage after microindentation and 

microscratch tests are analyzed using scanning electron 

microscopy (SEM). An evaluation of the evolution of 

the apparent friction coefficient as a function of the 

applied normal load and the indenter geometry was 

performed.  

2 Experimental details 

2.1 Materials 

Two types of grey cast iron were used: classical grey 

cast iron (FGL1) and micro-alloyed grey iron with 

phosphorus and boron (FGL2). Their chemical com-

positions are given in Table 1. The nickel and copper 

quantities in these iron samples are different; these 

two elements affect the graphite morphology and 

refine the pearlite [18]. Cu leads to a purely pearlitic 

matrix, increases the hardness, and decreases the 

friction coefficient [21].  

The samples were obtained from the cylinder liners 

of a diesel engine of a heavy vehicle. The microstructure 

of this grey cast iron (Fig. 1), after etching with Nital 

reagent (4%), was examined via SEM. FGL1 iron has 

a pearlitic matrix and lamellar graphite (Fig. 1(a)) 

and FGL2 iron (Fig. 1(b)) has a pearlitic matrix with 

hard phases of phosphorus eutectic and carbides, in 

addition to, lamellar graphite. Energy dispersive spec-

trometry (SEM/EDX) analyzes and mapping (Fig. 1(c)) 

reveal that the hard phase contains Fe, P, and Mn.  

The straight lines (Fig. 1) correspond to the different 

zones from which the pearlite interlamellar spacing 

was determined. The pearlite phase of FGL1 iron is 

coarser than that of FGL2 iron and the hard phases 

are randomly distributed. In both kinds of iron, 

graphite lamellae of A-type morphology are uniformly 

Table 1 Chemical composition (% in weight) of the studied cast irons. 

Cast iron C Si S P Mn Ni Cr Cu Mo B 

FGL1 3.24 2.06 0.036 0.087 0.904 0.46 0.245 0.221 0.247 — 

FGL2 3.15 2.54 0.042 0.238 0.782 0.108 0.321 0.401 0.302 0.065
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distributed and randomly oriented. The graphite 

lamellae have varying widths and lengths (Figs. 1(a) 

and 1(b)). The dimensions of graphite lamellae range 

from 25 to 100 μm in length and from 5 to 10 μm in 

width. The matrix of FGL1 iron is coarser than that of 

FGL2.   

2.2 Experimental procedure 

Samples preparation, for both metallographic observation 

and (nano, micro)-indentation and microscratch tests, 

is of major importance. The retention of graphite in 

cavities and polishing without surface alterations are 

important goals. However, grinding with SiC papers 

and finishing using a diamond solution is a suitable 

preparation method for cast iron samples [22]. 

Therefore, the samples were gradually polished using 

various abrasive papers (SiC), grades 2000 to 4000. 

Finishing was carried out with a 3 μm, and then a 1 μm, 

diamond solution. 

In addition to microhardness testing, nanoindentation 

tests were performed on the different iron samples. 

The nanoindentation tests were conducted with a 

maximum load of 450 mN on both the matrix and 

the hard phase. A load of 250 mN was used for the 

graphite phase. These tests were carried out on a 

Nanoindenter XP® installation with a Berkovich-type 

diamond indenter. The Young’s modulus and nano-

hardness were determined using the method of 

continuous stiffness measurement as a function of tip 

penetration. This method uses the measurement of 

the second harmonic of the displacement signal of 

the indenter to determine the mechanical properties 

[23]. All realized nanoindentations are performed on 

the middle of each tested phase. The microindentation 

tests were performed under a constant load varying 

from 10 to 1,000 g. The dry microscratch tests, at a 

constant scratching speed of 0.25 mm/min, were carried 

out with conical diamond indenters, which had the 

same tip radius of 5 μm and different apex angles, 2, 

of 90°, 120°, and 160°. Three constant normal loads 

were applied during the scratch tests: 1, 3, and 5 N.  

3 Results and discussion 

3.1 Indentation testing 

3.1.1 Nanoindentation 

The curves in Fig. 2 show the nanohardness of pearlitic 

matrix of FGL1 and FGL2 iron and the phosphorus 

eutectic of FGL2 iron. A low dispersion of matrix 

hardness of FGL1 iron is obtained; an average hardness 

of about 2.5 GPa is obtained (Fig. 2(a)). Conversely, 

in the case of FGL2 iron, the matrix nanohardness is 

more dispersed than that of the matrix of FGL1 iron   

 

Fig. 1 Microstructures of the studied grey cast irons: (a) classical lamellar iron FGL1, (b) microalloyed lamellar iron FGL2, and (c)
SEM/EDX spectrum and mapping at the hard phase (eutectic-phosphorous). 
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Fig. 2 Pearlite and eutectic cells nanohardnesses of the two 
studied irons. 

(Fig. 2(b)). This result is attributed to the finer pearlitic 

matrix of FGL2 and to the presence of the harder 

phosphorus eutectic. 

Nanohardness values varying from 4 to 6 GPa  

are obtained on the matrix of the micro-alloyed iron 

(FGL2). The nanohardness of the phosphorus eutectic 

in FGL2 iron (Fig. 2(c)) varies from 6 to 10 GPa. The 

different components of the phosphorus eutectic (Fe, 

Fe3C, and Fe3P) [8] may be the cause of this variation in 

nanohardness (Fig. 2(c)). Furthermore, SEM examination 

(Fig. 1(b)) shows the interface of the small thickness 

between the hard phase and the matrix. The possible 

presence of shrinkage micro-porosity [8, 14] at this 

interface can also cause the hardness difference. 

Figures 3 and 4 show the nanohardness and the 

Young’s modulus of the graphite phase, respectively. 

The increasing hardness and Young’s modulus of 

graphite with increased depth is due to both its small 

size and the influence of the matrix with better 

mechanical properties than the graphite phase. At 

this scale, a slight increasing of the graphite hardness 

and Young’s modulus of FGL2, relative to those of 

FGL1, is observed. The nanohardness is 0.08 and  

0.15 GPa and the Young’s moduli are 12 and 18 GPa 

for FGL2 and FGL1, respectively. 

Comparing the two grey iron samples (Figs. 2–4), 

we see that the addition of phosphorus and boron 

slightly increases the nanohardness and the Young’s 

modulus of graphite. Furthermore, these elements  

 

Fig. 3 Nanohardness of graphite phase in FGL1 and FGL2 cast 
irons. 

 

Fig. 4 Young’s modulus of graphite phase in FGL1 and FGL2 
cast irons. 

improve the matrix hardness and reinforce it based 

on hard phosphorus eutectics.  

3.1.2 Microindentation 

Figure 5 shows the SEM images of indents in the two 

iron samples. These images show that when the 

graphite is under the indenter (and because of its low 

hardness), it decreases the pressure applied by the 

indenter, and consequently, reduces the matrix defor-

mation. Figure 5 shows that the graphite parallel  

to the indentation edge is extruded more than the 

perpendicular graphite (Figs. 5(a) and 5(b)). The 

graphite located within the indent is divided into 

two sides based on the pearlitic matrix (Fig. 5(e)). In 

addition, the image in Fig. 5(d) shows that the hard 

phosphorus eutectic is plastically deformed under 

the indenter (within the indent); however, cracking of 

this phase outside the indent (top and left) is observed. 

In the case of FGL2 iron, a crack is created in the 

phosphorus eutectic located outside the indentation 

zone (Fig. 5(d)). We believe that the graphite-matrix 

interface always retains graphite, which leads us to 

the conclusion that the matrix-graphite interface is 

different (i.e., more resistant than the graphite itself). 

This assumption can explain the rapid increase in 

nanohardness of the graphite phase (Fig. 3).  

SEM examinations of the Vickers indents (Figs. 5(c) 
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and 5(f)) indicate that the graphite extrusion beneath 

the indenter is attributed to the elastic recovery of the 

pearlitic matrix. In addition, the graphite at the side 

of the indent is extruded either via the indentation 

pressure or via the interconnection with material 

beneath the indenter. The indent for a load of 500 g 

simultaneously performed on matrix and graphite 

(Figs. 5(c) and 5(f)) is not square. Therefore, we 

conclude that the plastic deformations of the matrix 

under the indenter are altered by the graphite lamellae 

and that the elastic recovery of the matrix and its 

plastic deformation are not regular in the deformed 

volume beneath the indenter.  

3.2 Microscratch testing 

3.2.1 Damage and wear modes 

Figure 6 highlights the global behavior of the two 

studied iron samples during scratch tests. For a given 

attack angle, the damage caused by scratching of the 

two iron samples becomes significant when the load 

increases. When the attack angle is high, the damage 

is worse in FGL1 (Fig. 6(c)) than in FGL2 (Fig. 6(f)). 

The scratch behavior of the studied cast iron samples 

depends on the indenter geometry, especially its attack 

angle, and therefore, the scratching depth [11]. Thus, 

for low normal loads and low indenter attack angles, 

the pearlitic matrix deforms with the same modes as 

observed in homogeneous materials.  

In the first approximation (as the tip radius is small 

compared to the groove width), the generated mean 

deformation is relatively constant and depends only 

on the attack angle ( ≈ 0.2tan with  is the indenter 

attack angle) [24]. Therefore, the increase in the normal 

force primarily induces an increase in the volume  

of displaced material (with a greater possibility of  

 

Fig. 5 Vickers indents SEM images of matrix cast iron, load test, from left to right: 100, 200 and 500 g, respectively. 

 
Fig. 6 SEM images of scratch damage on studied irons vs. normal load, Fn (1, 3, and 5 N) and indenter attack angle,  (the arrows 
show the scratching direction). 
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interaction with the graphite lamellae). For both iron 

samples, when the applied normal force and the attack 

angle are low, a microploughing wear mode dominates 

scratching, with no lateral material displacement 

(Figs. 6(a), 6(d), 7(a), and 8(a)). When these two test 

parameters become high, a mixture of microploughing 

and microcutting characterizes the wear mechanism 

(Figs. 6(c) and 6(f)). The microcutting wear mode 

occurs with lateral and frontal material displacement 

(Figs. 6(c), 6(f), and 7(b)). In general, the scratching of 

FGL1 (Fig. 6(c)) leads to more material displacement 

than that of FGL2 (Fig. 6(f)).  

The SEM images in Figs. 7 and 8 show the scratching 

behavior of the matrix of the two iron samples for a 

low attack angle (10°) and three normal loads: 1 N, 3 N, 

and 5 N. Using this attack angle, the microploughing 

and microcutting mechanisms are more easily dis-

tinguished than for the other attack angles (30° and 

45°). These two scratch parameters lead to less damage 

and microploughing dominates the wear mechanism. 

However, ploughing of FGL1 results in more material 

displacement than FGL2 (Fig. 7(b)); however, for FGL2, 

a crack is created at the hard phase, as shown in the 

circles in Fig. 8(b), as was also observed by Pöhl et al. 

[25]. This crack is created in the phosphorus eutectic, 

rather than at its interface with the matrix. However, 

under the indenter, these hard phases are plastically 

deformed (in addition to the matrix), with no cracking 

(Fig. 8(a)).  

 

Fig. 7 Pearlite matrix deformation and formation of debris, 
FGL1 iron, indenter apex angle 2 = 160° (attack angle,  = 10°), 
Fn = 1, 3, and 5 N. 

 

Fig. 8 Pearlitic matrix deformation and cracking of hard pho-
sphorous eutectic, FGL2 iron, 2 = 160° (attack angle,  = 10°), 
Fn = 1, 3, and 5 N. 

The same behavior of this hard phase is observed 

in the case of microindentation (Fig. 5(d)). Zum Gahr 

[26] shows that the cracking of hard phases depends 

on the size and hardness of the abrasive particles. 

Therefore, in the case of scratching of the micro-alloyed 

iron by a hard diamond indenter, the cracking of the 

eutectic phase is attributed to the depth of scratching, 

which determines the particle size relative to the size 

of the hard phase. There are also differences between 

the FGL1 and FGL2 iron samples during scratching 

(Figs. 6–8). These differences are attributed both to the 

coarseness of the pearlitic matrix and to the existence 

of hard phosphorus eutectic. The SEM image in Fig. 7(b) 

shows that the extrusion of graphite occurs at the 

interconnected lamellae, some of which are placed 

under the indenter. The material displacement at the 

side of the scratches occurs primarily at a small piece 

of pearlite material surrounded by graphite lamellae. 

However, the extrusion of the graphite depends not 

only on its dimension (specifically, its width) and its 

position with respect to the scratching zone [11, 12], 

but also on its interconnectivity.  

Scratching induces ductile deformation of the 

pearlitic matrix formed by alternating lamellae of 

hard cementite and soft ferrite (Figs. 7(a) and 8(a)), in 

addition to the deformation of the graphite lamellae 

and of the hard phase (Fig. 8(b)). In the case of FGL1 

iron, the deformation of the pearlitic matrix increases 

with increasing applied normal load (Fig. 7(b)). These  
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deformations are amplified because of the existence 

of graphite lamellae perpendicular to the direction 

of sliding. As observed via SEM analysis, the higher 

applied load and attack angle, the higher the deformed 

volume around the indenter, and thus, the larger the 

amount of graphite in its composition. Consequently, 

the displacement and deformation of the matrix 

become more significant.  

Both cast iron samples exhibit similar behaviors,  

in terms of graphite extrusion phenomena and the 

matrix displacements, in both microindentation and 

microscratch tests. The hard phase of FGL2 iron is 

cracked by both indentation and scratch tests. Under 

the same normal load and indenter attack angle, the 

FGL2 exhibits less matrix delamination and material 

displacement than the FGL1 (Figs. 7(c) and 8(c)). 

Therefore, we believe that the addition of phosphorus 

and boron reinforces the iron matrix via the hard 

phase, improving the hardness of the matrix. Con-

sequently, the reinforcement of the matrix reduces 

matrix damage and enhances the ploughing wear 

mechanism. 

3.2.2 Friction coefficient 

Figures 9 and 10 show the evolution of the apparent 

friction coefficient (ratio of tangential force, Ft, to 

normal force, Fn) for a short sliding distance (500 μm) 

versus the attack angle for two normal loads of 1 N 

and 5 N.  

While the applied load is low (Fn = 1 N), the friction 

coefficient fluctuates for all of the tested attack angles 

for both kinds of cast iron (Fig. 9). Under this scratching 

condition, the friction coefficient increases with 

increasing attack angle. When the ploughing mode 

dominates the scratching (low normal load and low 

attack angle), FGL2 is scratched with a friction 

coefficient greater than that of FGL1 (Fig. 9(a)). The 

findings shown on Figs. 9(a) and 9(b) lead to the 

conclusion that the transition from the ploughing 

mode to the cutting mode occurs first for FGL1, rather 

than for FGL2. However, while using an indenter 

with a high attack angle of 45° (Fig. 9(c)), both cast 

iron samples are scratched via the cutting wear mode, 

and consequently, the same friction coefficient is 

obtained. When the applied normal force is increased 

to 5 N (Fig. 10), the friction coefficient of FGL2 is 

higher than of FGL1. As compared to scratching with 

a low applied force of 1 N, the friction coefficient 

slightly fluctuates. Applying a normal load of 5 N, 

the microcutting wear mechanism is obtained for 

both cast iron samples with an attack angle of 30° 

(Fig. 10(b)). 

At high indenter attack angles, the amplitude and 

the period of the friction coefficient fluctuation are 

 

Fig. 9 Friction coefficient vs. scratching distance and indenter attack angle (normal load = 1 N). 

 

Fig. 10 Friction coefficient vs. scratching distance and indenter attack angle (normal load = 5 N). 
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nearly the same for both cast iron samples (Figs. 9(c)  

and 10(c)). Thereafter, the friction coefficient becomes 

invariable at a normal load of 5 N and indenter attack 

angles of 30° and 45° (Figs. 9(b), 9(c), 10(b), and 10(c)). 

We assume that the wavering of the friction coefficient 

and the stick-slip phenomenon are not only due to 

the crossed graphite area [11, 20], but also to the 

displacement and smearing of wear debris by the 

indenter, in addition to the matrix delamination. We 

assume that this phenomenon is enhanced for high 

normal loads, particularly, for high indenter attack 

angles (Figs. 9(c) and 10(c)).  

Given the qualitative and quantitative results  

(Figs. 6–10), it is clear that the reinforcement of the 

iron matrix with phosphorus eutectic reduces the 

matrix damage and the friction coefficient. In addition, 

the ploughing wear mechanism is more prominent for 

FGL2 than for FGL1. The hard phosphorus eutectic 

can reverse the changes in the friction coefficient and 

can enhance the ploughing wear mechanism.  

4 Conclusions 

This paper presents a comparison of measured 

mechanical properties of different microstructural 

constituents for the microindentation and micro-

scratching behavior of two kinds of grey cast iron. 

The main conclusions are the following. 

The alloying of phosphorus and boron in the 

lamellar cast iron increases both the nanohardness and 

Young’s modulus of graphite and the matrix hardness. 

Regarding microindentation, similar behavior of 

graphite is obtained for the two cast iron samples. 

Both microindentation and microscratch tests of 

the micro-alloyed iron lead to cracking of the hard 

phosphorus eutectic. 

The scratch behavior of the two iron samples showed 

that the indenter attack angle and the applied normal 

load combined with the graphite lamellae and hard 

phase were the most significant contributions to the 

wear mechanisms and the friction coefficient evolution. 

The intermediate abrasive wear mode is difficult to 

identify. However, scratching of the micro-alloyed 

grey iron (FGL2) is dominated by a microploughing 

wear mechanism, relative to classical grey iron (FGL1). 

Many phenomena are observed during cast iron 

scratching: graphite extrusion, debris smearing, matrix 

delamination, and hard phase cracking. Generally, 

the reinforcement of the grey iron’s matrix by the 

hard phosphorus eutectic phase leads to less matrix 

damage, less material displacement, and a lower 

friction coefficient. 
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