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Abstract: 

This study investigates abrasive wear behavior of TiC-strengthened eutectic high 

chromium cast iron (eHCCI) composites. The effect of TiC content and heat treatment 

on the wear properties of eHCCIs before and after heat treatment was investigated by 

combining the three-body abrasive wear and micro-scratch tests. The experimental 

results show that the as-cast TiC-reinforced eHCCIs exhibited superior abrasive 

resistance, which was originated from the synergic contribution of ductile austenitic 

matrix and hard carbides. However, the introduction of TiC particles significantly 

reduced the wear resistance of the eHCCIs after heat treatment due to the low ductility 

of martensite matrix.  
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Introduction 

The high chromium cast irons (HCCIs) with a composition range of 12-30 wt.% Cr 

and 2.0-4.3 wt.% C have attracted intensive research interests due to their favorable 

combination of corrosion and wear resistance [1-9]. Such excellent properties make 

HCCIs candidate wear-resistant materials for the application in many areas, including 

mining, cement production, and refractory industries. It is believed that exceptional 

wear resistance of HCCIs is caused by the formation of a high-volume fraction of 

M7C3 carbides (1200-1600 HV in hardness) in the microstructure.  

Generally, a high-volume fraction of M7C3 by increasing the Cr and C contents in 

hypereutectic HCCIs results in improved wear resistance of materials. However, 

coarse primary carbides precipitate during the solidification of hypereutectic 

HCCIs[3, 10-15]. These coarse primary carbides lower the fracture toughness and 

reduce the wear resistance of HCCIs[14]. Many investigations have been applied to 

refine the solidification structure and improve the mechanical and wear properties of 

hypereutectic HCCIs[3, 5, 11, 13, 15-20]. 

For comparison, the hypoeutectic HCCIs contain a low fraction of carbides, and the 

as-cast microstructure contains primary austenite phase and eutectic M7C3 carbides 

[8]. The toughness of hypoeutectic HCCIs is higher than the hypereutectic HCCIs, but 

their hardness and wear resistance is relatively low. The HCCIs with a eutectic 

composition, i.e. eHCCIs, possess a good balance of hardness and toughness. 

However, the volume fraction of M7C3 carbides is limited due to the narrow 

composition range of eutectic reaction for a given chromium content. 
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In this work, we propose a novel alloying design strategy for the HCCIs. That is, fine 

MC carbides were introduced to the eHCCIs to obtain a high carbide fraction. 

Accordingly, the eHCCI matrix strengthened with various volume fractions of TiC 

were designed and fabricated by an in-situ solidification method. The effects of TiC 

content and heat treatment on the microstructure and wear properties of the 

composites were investigated. Contrary to the conventional wisdom [21, 22], we 

found that the heat treatment reduces the abrasive wear property of the composites, 

even though the hardness was improved. The physical correlation between the 

mechanical properties and the abrasive wear resistance was investigated. 

Furthermore, micro-scratch tests were applied to study the abrasive wear mechanisms 

of the composites. Other than the scratch hardness, it has also been reported that the 

scratch ductility controls the tendency to undergo material removal during 

scratch[23-29]. In this work, the scratch hardness and ductility of the TiC-reinforced 

eHCCIs were also obtained from the micro-scratch test under the same loading force 

as the conventional abrasive wear test. The abrasive wear mechanisms of these 

composites were critically discussed. 

Materials and methods 

The materials used for this study were fabricated in a vacuum melting furnace. The 

solutionization treatment was carried out at 1123 K for 4 h, followed by air cooling to 

room temperature. The temper treatment was conducted at 773 K, followed by 

furnace cooling down to room temperature. Table 1 shows the chemical compositions 

of the samples. The as-received (as cast??) and heat-treated samples were noted 
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hereafter as C0- C3 and H0-H3, respectively. 

Prior to the microstructure examination, the samples were polished by abrasive paper 

and diamond paste. Vibration polishing was performed in the colloidal silica 

suspension (50 nm) for 4 h. The morphology of the worn surface was investigated by 

scanning electronic microscope (SEM Nova NanoSEM 430) at 20 V. The phase 

constitution of different samples was identified by high-resolution X-ray 

diffractometer (XRD Smartlab) at a stable voltage of 40 kV. The X-ray scanning angle 

was from 30° to 90°, with a speed of 0.01 degree per step. 3-D profilometer 

(Operating Instructure of 3D Profile, Bruker) was used to evaluate the worn surface 

after the micro-scratch test. 

The Rockwell hardness of samples was measured (5 times for each sample) by 

HR-150A with a bearing force of 500 g and a holding time of 10 s. Before the 

three-body abrasive wear tests, the samples were cleaned carefully in ethanol. The 

friction and wear tests were performed on a three-body abrasive wear machine in a 

load of 3 Kg at room temperature. The white corundum sand with a mean size of 0.22 

mm was adopted as abrasive particles. The test configurations and specimen 

geometries can be found in our previous paper [13]. After a 0.5 h of pre-wear, the 

weight changes of the specimens were recorded every hour. The mass of samples was 

measured by a METTLER TOLEDO balance (with a sensitivity of 0.1 mg) before and 

after wear test. The wear rate was characterized by the ratio of volume loss to sliding 

distance. 

The scratch tests were carried out by MET-4000 Multifunctional material surface 
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analysis machine at room temperature. A smooth conical shape (120°) diamond 

indenter was used. The selected loading forces ranged from 10 to 200 N. Figure 1 

shows the cross-section of a scratch formed by the cone indenter. The d and a  were 

defined as the depth of penetration from the original surface and the corresponding 

groove half-width, respectively. And the 'a  is the half-width of the whole groove. 

The 1A , A2  and vA  are the area of the three zones as shown in Fig. 1. 

Results 

Figure 2 shows the microstructure of the TiC-strengthened eHCCIs in the as-cast state. 

It can be seen that the microstructure consists of two kinds of carbides. The rod-like 

grey particles are eutectic M7C3 carbides, and the black particles are TiC particles, as 

proved by the EDS results. No coarse primary M7C3 particles can be observed in all 

the HCCI specimens, as shown in Fig. 2. Figure 3 shows the EBSD IPF figures of the 

as-cast composites. It reveals that the as-cast composites consists of austenite matrix, 

M7C3, and TiC. Therefore, the eutectic HCCIs strengthened by TiC particles were 

successfully prepared in the present work. 

The volume fractions and sizes of M7C3 and TiC were measured by Image Pro-plus 

6.0. Figure 4 shows the Ti-dependent carbide volume fraction and carbide size. It 

shows that the volume fraction of M7C3 carbide decreases from 23 % to 18 % with 

increasing Ti and C contents, while the volume fraction of TiC increases from xx to 

10%. Therefore, the total volume fraction of carbides increases slightly with 

increasing Ti and C contents as shown in Fig. 4a. Furthermore, the mean size of M7C3 

decreases as shown in Fig. 4b.  
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Figure 5 shows the XRD patterns of the TiC-strengthened eutectic HCCIs in the 

as-cast and heat-treated states. The as-cast HCCIs contain austenite matrix and two 

categories of carbide (M7C3 and TiC) as shown in Fig. 5a. The XRD results are 

consistent with the EBSD results as shown in Fig. 3. After heat treatment, the matrix 

consists of dominant martensite and minor retained austenite, together with the 

carbides, as shown in Fig. 5b. 

The wear resistance of TiC-strengthened eHCCIs was investigated by three-body 

abrasive wear test. Figure 6 shows that the wear rate of the as-cast composites 

decreases with increasing volume fraction of TiC. By contrast, the wear rate of the 

heat-treated composites increases with TiC content. It means that the introduction of 

TiC particles is detrimental to the wear property of the composites after heat treatment. 

Specifically, with the addition of 10 vol.% TiC, the wear rate of the as-cast eutectic 

HCCI decreases from 8 to 5 cm3/cm۰10-8. When the reciprocal of wear rate was used 

to present the wear resistance, the improvement of wear resistance by the introduction 

of 10 vol.% TiC can be as high as 60% for the as-cast composites. On the other hand, 

the wear resistance of TiC-free HCCIs can be effectively improved by the heat 

treatment. However, for the TiC-strengthened HCCIs, the heat treatment causes a 

significant increment of wear rate as shown in Fig. 6. 

Figure 7 shows the SEM images of the worn surface of the sample after three-body 

abrasive wear tests. The pits, grooves, and scars can be observed in the worn surface 

as shown by the arrows in Fig. 7. The bright zones in Fig. 7 were caused by 

accumulations of materials as a result of the severe plastic deformation. As the TiC 
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volume fraction increases, the amount of bright zones increases and the directions of 

grooves were changed by the presence of hard phase as shown in Fig. 7(b-d). The 

heat-treated samples show similar wear behaviour with the as-cast samples as shown 

in Fig.7(h-k). 

To further explore the combined effect of TiC addition and heat treatment on the wear 

resistance of composites, we performed the micro-scratch wear experiments. After the 

scratch tests, the groove profiles were obtained. In this work, the dent area Av  was 

used to evaluate the wear properties of HCCIs. Figure 8 shows the load-dependent 

dent area of the HCCIs before and after heat treatment. It can be seen that the dent 

area increases with the load force. As the loading force exceeds 30 N, the dent area of 

heat-treated specimens becomes higher than that of as-cast specimens. Furthermore, 

the dent area is used to represent the wear rate, the wear rate of as-cast composites can 

be reduced by the introduction of TiC particles. However, the wear rate of heat-treated 

composites increases with TiC additions, especially when the loading force is higher 

than 60 N. The present micro-scratch results are consistent with the three-body 

abrasive test results as shown in Fig. 6. 

Figure 9 shows the SEM image of HCCIs after micro scratch test at a loading force of 

60 N. Many cracks emerged on both the M7C3 and TiC particles as shown in Fig. 

9(a-d). It can be noted that the matrix can prevent crack propagation from the carbides. 

Different from the as-cast samples, the scratch surface of the heat-treated HCCIs 

display typical delamination wear feature as shown in Fig. 9(h-k). The crack can 

propagate to the substrate, and thereby a large amount of materials has been removed 
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by scratching. 

To describe the scratching resistance, the scratch hardness ( Hs ) and ductility ( cδ ) 

proposed by Williams and Hokkirigawa were presented. The Hs  can be expressed 

as[27, 29]: 

2
2FHs
aπ

=
′

                                                       (1) 

where F is the normal force and a'  is the half-width of the groove as shown in Fig. 

1.  

The calculation of cδ  can be used the following empirical equations[27, 30]: 

( )1 2Av A A
f

Av
− +

=                                                 (2) 

( )
3δ1 4δc 1 exp -0.11

δc
f

    = − ⋅ −    
     

                                 (3) 

where f  is the material removal fraction, δ  is the normalized depth calculating by 

d a , and cδ  is the scratch ductility, whose value should be less than 0.25. Then the 

Hs  and cδ  of HCCIs can be calculated.  

Figure 10 shows the calculation results. The scratching profiles under a loading force 

of 30 N, which is close to the force of the abrasive wear test, were used for the 

calculation. It can be noted that both the Rockwell and scratch hardnesses increase 

with the TiC addition as shown in Fig. 10a. A linear relationship can be obtained (with 

2 0.99R = ) 

( ) 38.3 0.2 10HRC Hs−= ± × ×                                           (4) 
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Figure 10b shows the scratch ductility and hardness of eight specimens. It clearly 

shows that there is a trade-off between the scratch ductility and hardness. That is, the 

scratch ductility decreases with the increased scratch hardness. It also shows that the 

scratch ductility of heat-treated composites is lower than that of as-cast composites. 

Furthermore, the as-cast composites reveals a better combination of scratch ductility 

and hardness than the heat-treated composites as shown in Fig. 10b. 

Discussion 

In this work, TiC-strengthed eutectic HCCI composites were designed and fabricated. 

The effects of TiC volume fraction and heat treatment on the wear properties of 

composites were investigated by three-body abrasive wear and micro-scratch tests.  

For the conventional HCCIs, the carbide volume fraction (CVF) increases with Cr and 

C content, which follows an empirical linear equation[1]:  

14.05 0.43 0.22CVF C Cr= ⋅ + ⋅ −                                       (5) 

where the ωC and ωCr are the weight fractions of C and Cr, respectively. Based on Eq. 

(5), the CVF of the present base steel (C0 and H0) is 0.33, which is higher than the 

measurement results as shown in Fig. 4a. Furthermore, the CVF in the present HCCIs 

increases slightly with carbon content as shown in Fig. 4a. Figure 11 shows the phase 

constitutions of two HCCIs with and without Ti during cooling. In the liquid phase 

containing Ti and C, the TiC phase is formed first. At the temperature around 1573 K, 

the eutectic reaction occurs where the liquid phases transform to austenite and M7C3 

as shown in Fig. 11. 

It has been reported that the matrix of as-cast HCCIs has an austenitic 
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microstructure[31]. During the soaking at 1223-1333 K, the precipitation of Cr-rich 

secondary carbides occurs in the austenite matrix. The reduced Cr and C contents in 

the alloy destabilize the austenitic matrix, allowing it to transform to martensite 

during the subsequent cooling. Therefore, the destabilization treatment results in a 

dominant martensite matrix as shown in Fig. 5b. For the TiC-free HCCIs, the heat 

treatment significantly improves their hardness (Fig. 10a), and hence the abrasive 

wear properties of H0 are higher than that of C0 as shown in Fig. 6. 

For the as-cast composites, the introduction of TiC particles can effectively improve 

the hardness as shown in Fig. 10a. Such improvements can be due to the increased 

amount of hard MC carbides, the refinement of M7C3, and the increased total volume 

fraction of carbides (Fig. 4). However, the heat treatment causes a significant 

reduction of the abrasive properties for the composites, especially when the TiC 

volume fraction is high (Fig. 6). It should also be noted that the heat treatment 

increases the Rockwell hardness of the HCCIs with no or a low volume fraction of 

TiC but reduces the Rockwell hardness of the HCCIs with a high volume fraction of 

TiC (Fig. 10). 

It is believed that the ductile austenitic matrix makes the as-cast Ti-reinforced HCCI 

composites more abrasion resistant under the present experimental conditions. During 

the abrasive wear process, the austenite phase can flow more easily without fracture 

under the shear forces applied by the abrasive particles. The plastic deformation of the 

matrix can effectively dissipate the mechanical energy into a larger volume and cause 

less damage per unit volume. For comparison, the martensite matrix is brittle. As a 
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result, the energy dissipation is realized by the fracture of the matrix and carbides. 

Figrue 12 shows the indentations of three specimens after the Viker hardness test. It 

can be seen that there is no cracks in C3. For comparison, the cracks can be observed 

on both matrix and particles in H2 and H3. Accordingly, it suggests that the soft and 

ductile matrix can support the carbides after their fracture and thereby improve the 

wear resistance of HCCIs. In contrast, the introduction of brittle martensite may cause 

a high wear rate of the HCCIs. 

In this work, micro-scratch experiments were applied to investigate the wear 

properties of the HCCIs. The intrinsic scratch response of the material can be assessed, 

which is critical to understand the complexity of abrasive wear. Micro-scratch 

experiments have been applied to investigate the wear behavior of various materials 

including high-strength steels, Ni-base alloys, Hadfield steel, and high entropy steels 

[23, 25-27]. It has been reported that the fraction of material removed in a groove (f, 

in Eq. 2) can assist in defining the dominant wear mechanism operating in the wear 

process [27, 32]. Values of about 02 - 0.4 imply a plowing mechanism, while values 

of more than 0.7 are indicative of a cutting mechanism. In this work, it was found the 

f values of HCCIs after heat treatment was higher than that of the as-cast HCCIs. It 

reveals that the cutting becomes a dominant material removal mechanism for the 

HCCIs after heat treatment. This was consistent with the groove morphology 

observation (Fig. 9) that the results of the plowing mechanisms to the smooth scratch 

surface in the as-cast HCCIs, while delamination and large cracks were found in the 

heat-treated HCCIs due to the strong resistance of hard matrix against the scratch. 
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Generally, plasticity and hardness are the key factors that affect the wear resistance of 

materials. The scratch hardness and ductility were obtained as shown in Fig. 10b. It 

has also been reported that the combination of scratch ductility and hardness deciding 

the wear loss during the micro-scratch test[28, 30]. In this work, the scratch results 

under 30 N were compared with the three-body wear test results under a similar load 

of 3 kg. Figure 13 shows the correlation of abrasive wear rate and the reciprocal of the 

multiplication of scratch hardness and ductility of eight specimens. It can be seen that 

the wear rate has a linear relationship with the reciprocal of s cH δ⋅ .  

The good correlation between the abrasive wear test and the scratch test results 

indicates that the micro-scratch experiment offers a fast method to quantify the 

abrasion resistance of materials. Although the three-body abrasive test provides useful 

data on the relative wear rate, it limits to the test conditions. The actual deformation 

and damage processes for various loading conditions can be investigated readily by 

the micro-scratch tests. 

Conclusions 

This work investigates the effect of TiC addition and heat treatment on the 

microstructure and abrasive wear behavior of eutectic HCCIs. Three-body abrasive 

and micro-scratch experiments were conducted on the TiC-reinforced eHCCIs 

composites. The following conclusions are drawn.  

(1) The as-cast composites consist of an austenitic matrix, M7C3, and TiC carbides. 

With increasing TiC content, the carbide volume fraction increases and the size of 

M7C3 is slightly refined. After heat treatment, the matrix transforms to martensite. 
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(2) For the as-cast composites, the introduction of TiC significantly improves the 

abrasive wear properties. However, the abrasive wear properties decrease with TiC 

additions for the heat-treated composites even though the hardness is improved by the 

addition of TiC particles. Furthermore, when the volume fraction of TiC is higher than 

6%, the abrasive wear property of the as-cast composites is higher than those after 

heat treatment. 

(3) For the as-cast composites, the downward trend of scratch ductility with TiC 

content is not obvious. For comparison, the scratch ductility of heat-treated HCCIs is 

lower than that in the as-cast state and decreases significantly with the introduction of 

TiC particles. 

(4) There is a linear correlation between the three-body abrasive wear rate with the 

reciprocal of the multiplication of scratch hardness and ductility. The superior 

abrasive wear resistance of the as-cast composites is originated from the synergic 

contribution of ductile austenitic matrix and hard carbides. The reduced abrasive wear 

property of the heat-treated composites can be attributed to the low ductility of 

martensite. 
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Tables 

Table 1. Chemical composition and number of samples. 

 Chemical composition ( wt.%) As-cast Heat treatment 

1 

2 

3 

4 

Fe-26Cr-3.2C-0.4Mn-0.8Si-1Ni 

Fe-26Cr-3.2C-0.4Mn-0.8Si-1Ni-(0.4C-1.6Ti) 

Fe-26Cr-3.2C-0.4Mn-0.8Si-1Ni-(0.8C-3.2Ti) 

Fe-26Cr-3.2C-0.4Mn-0.8Si-1Ni-(1.2C-4.8Ti) 

C0 

C1 

C2 

C3 

H0 

H1 

H2 

H3 
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Figures 

 

Fig. 1. Cross-section of an ideal scratch. The d  and a  were defined by the depth of 

penetration from the original surface and the corresponding groove half-width, 

respectively. The a'  is the half-width of the whole groove, and A1 , A2  and Av  

are the area of three zones. 

 

 

Fig. 2. SEM images of the as-cast composites: (a) C0, (b) C1, (c) C2, and (d) C3. 
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Fig. 3. EBSD inverse pole figures (IPF) of the as-cast composites: (a1-a2) C0,(b1-b3) 

C1, (c1-c3) C2, and (d1-d3) C3 

 

 

Fig. 4. The volume fractions (a) and sizes (b) of M7C3 and TiC carbides in the as-cast 

HCCIs. 



 20 

 

Fig. 5. XRD patterns of TiC-strengthened HCCIs: (a) as-cast and (b) after heat 

treatment. 

 

 

Fig. 6. The abrasive wear rate of the as-cast and heat-treated composites. 
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Fig. 7. The worn surface of composites after abrasive wear tests: (a-d) C0, C1 C2, and 

C3; (e-k) H0, H1, H2, and H3. 

 

Fig. 8. The dent area under different micro scratch loads: (a) the as-cast composites 

and (b) the heat-treated composites. 
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Fig. 9. The groove morphology after scratching tests at 60 N: (a-d) C0, C1, C2 and 

(C3); (h-k) H0, H1, H2 and H3. 

 

 

Fig. 10. Scratch hardness and scratch ductility of composites: (a) the scratch hardness 

and Rockwell hardness and (b) the scratch hardness and ductility. 
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Fig. 11. Phase constitutions during cooling of two HCCIs (in wt.%): (a) 

Fe-26Cr-3.2C-1Ni and (b) Fe-26Cr-4.4C-4.8Ti-1Ni. 

 

 

Fig. 12. SEM image of the indentations: (a) C3, (b) H2, and (c) H3. 
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Fig. 13. Change of wear rate with the scratch properties of the composites. 
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