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Abstract 8 
The damage due to wear is rigorous both financially and environmentally.Developing a wear resistant material is the prerequisite to 9 
reduce cost due to wear related damage and ensure a green environment. High chromium white cast iron (HCCI) is highly valuated 10 
owing to its prominent wear resistance behaviour.The combined effect of added Ti and C with HCCI to tackle the erosive wear is 11 
investigated in this paper. Ti and C are supplemented in variable percentages. TiC precipitation happens due to Ti addition while 12 
M7C3 experience noticable refinement in the matrix. The TiC crystallization results to shortage of C in the matrix and M7C3 refinement 13 
leads to lower hardness. The enhancement in the percentage of added Ti deteriorates the hardness causes to foster the wear rate. On 14 
the contrary, the increase in carbon content advances the hardness which reduces the wear rate. It is believed that the previously 15 
consumed C by Ti weekens the matrix. However, increment in C strengthen it with coarse carbide M7C3.Among the three series of 16 
test specimens with 3wt%,3.5wt%, and 4wt%C contents.Greater hardness is observed in 4wt%C contributes to highest wear 17 
resistance . This study figured out that the chemical composition of minimal Ti and maximum C with HCCI can resist the erosive 18 
wear substantially.   19 

Keywords: Erosive wear; High chromium white cast iron; Titanium; Carbon 20 
 21 

Introduction 22 

Erosive wear or erosion is a surface damage phenomenon that is caused by the impact of solid particles. Erosion occurs 23 
in places which are not easily noticeable. This erosive wear phenomenon can be detected in the areas for instance boiler, 24 

pump impellers, rocket nozzles, turbine blades, pipe bends, helicopter engine, etc. 1,2,3,4 Research shows that wear phe- 25 
nomenon has a ruinous impact on the world energy expenditure which consumes 23% of the world’s energy.5 Further- 26 
more, the expenditure owing to wear loss costs the industrialized nations an estimated 1-4% of their gross national 27 
product (GNP). Therefore, it is highly necessary to research in the area of wear resistant materials to acquire a suitable 28 

material.6 The high chromium white cast irons (HCCI) are comprehensively utilized in the areas susceptible to wear in 29 
consideration to its remarkable wear resistance characteristics.7 The HCCIs comes under ferrous alloys which retain 12- 30 
30 wt% chromium with carbon contents 1.6-3.6wt%.8 The significance of the transition materials to enhance the wear 31 
resistance of cast irons have been analyzed by substantial number of studies. 9,10,11,12,13 The existing studies indicate that 32 
not only the stoichiometry is affected by the transition metals but also the hard carbide formation is immensely impacted. 33 
Which has considerable contribution to the wear behavior of cast irons. The aim of adding transition metals is to reform 34 
the eutectic carbides to increase the hardness, elevate hardenability of matrix and limit the pearlite development in the 35 

regions with these alloying elements between the eutectic carbides and the matrix.14,15 The concentration of C in the 36 
matrix significantly affects the carbide volume fraction (CVF). Furthermore, higher C content results in an increase in 37 
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the CVF, which in turn leads to improved hardness and wear resistance.16 In as-cast form, these alloys consist of an 38 
austenitic matrix with M7C3 carbide as the main component.17 This matrix can be transformed into martensite through 39 
heat treatment.18 These alloys can exhibit high hardness and wear resistance when they contain a large amount of M7C3 40 
eutectic carbides. A high concentration of C and Cr leads to a high volume of eutectic carbides, improving hardness and 41 

wear resistance, but reducing fracture toughness.19 HCCIs solidify as primary austenite dendrites with a network of 42 
interdendritic eutectic carbides. During the destabilization heat treatment process, the austenite matrix is typically 43 

transformed into martensite.20,21,22,23 Austenitic irons have hardness values between 500 and 520 HV and can be used in 44 
a few applications. However, heat-treated irons are necessary for a wider range of applications. Heat treatment at 1193- 45 
1333K for 1-6 hours (depending on the specific alloy composition), followed by air quenching at room temperature 46 
destabilize the austenite through precipitations of Cr-rich secondary carbides; This heat treatment is performed to in- 47 

crease the hardness of the material.24 It is expected that the formation of MC carbides with excellent hardness and 48 
spherical morphology will improve the toughness of HCCI. In addition, primary MC carbides are typically formed at 49 
the beginning of solidification and are finely distributed throughout the iron matrix. The addition of Ti, Nb, and V can 50 
significantly promote the formation of MC primary carbides, as has been extensively studied by many researchers. 51 

Bedolla et al.17,18,25 discovered that the addition of transition metal Nb and Ti to HCCI promotes to precipitation of NbC 52 
and TiC.V is an important transition metal to improve wear resistance however higher percentage of V is needed to get 53 
VC precipitation which eventually enhance the cost. Radulovic et al. found that the Fe-C-Cr-V alloy containing 3.28% 54 

V shows notable wear resistance.26 Alvarez et al. studied that V does not seem to play a role as a grain refiner. 27 On the 55 
contrary, Xiaojun et al. found that the addition of TiC can improve the morphology of primary M7C3 carbides, and TiC 56 

precipitation significantly refines the final grain size without clustering in the matrix.28 Although Ti is rapidly oxidized 57 
during melting and therefore special conditions for alloying are required when using an open induction furnace (not 58 

controlled atmosphere). The toughness of the matrix is also a key factor in determining wear resistance.29 Methods such 59 
as semi-solid forming 30 and rare earth processing 31,32 have been utilized to enhance the toughness of HCCI by improv- 60 
ing the size of the primary M7C3 carbides, though these methods have had narrow success. In erosion phenomenon the 61 
impact angle has a crucial role. Impact angle is one of the key and complicated factors to speculate the erosion lifetime. 62 

There are formulas such as cutting wear equation for erosion of oblique impact of square solid particles by Finnie 2 and 63 
to speculate the erosion as a consequence of vertical impact of spherical particles by Hutchings.33 However, to speculate 64 
the erosion lifetime the above two equations are not precise always. Shimizu et al. studied the erosion rate of ferritic 65 
spherical-graphite cast iron (FDI) in different impact angles (0°,30°,60°,90°), and found that the erosion becomes maxi- 66 

mum at impact angle about 60°.34 Though several studies have been done on erosive wear or abrasive wear of HCCI to 67 
find the effect of transition metals, the papers focused on the combined effect of Ti and C content on erosive wear of 68 
HCCI are still inadequate. This paper thoroughly investigates the erosive wear behavior of HCCI with different Ti and 69 
C content.    70 
 71 
Wear equation for erosion by Finnie: 72 

𝒬𝒬 = 𝑚𝑚𝑉𝑉2

𝒫𝒫𝒫𝒫𝒫𝒫
�sin 2𝛼𝛼 − 6

𝒫𝒫
𝑆𝑆𝑆𝑆𝑆𝑆2𝛼𝛼�       Eqn. 1     73 

Where 𝒬𝒬 is the volume of material, 𝑚𝑚 is mass, 𝑉𝑉 is the velocity, 𝒫𝒫 is the flow stress, 𝜓𝜓 is the depth of cut constant, 74 
𝐾𝐾 is the force constant, and 𝛼𝛼 is the impact angle. 75 
Erosion equation by Hutchings: 76 

𝐸𝐸 = 0.003 𝛼𝛼𝛼𝛼𝜎𝜎1/2𝑣𝑣3

∈𝐶𝐶2𝑃𝑃3/2                Eqn. 2  77 
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Where 𝛼𝛼 is the indentation, 𝜌𝜌 is the density of target material,  𝜎𝜎 is the density of eroded material, ∈𝐶𝐶 is the strain, 78 
and P is the pressure.  79 
 80 
 81 
Experimental Procedures 82 

 83 
Materials Fabrication 84 
 85 
HCCI with 27% Cr was employed as base metal for this study. C contents of 3, 3.5, 4 wt.% and Ti contents of 0, 1, and 2 86 
wt.% were added to this base metal. The number of specimens were nine. The making of the specimens can be described 87 
concisely. 50 kg of raw materials were melted in a high induction furnace. The melted material was poured into a sand 88 
mold of 53 mm × 250 mm × 15 mm dimension. To cut the specimens in the dimension of 50 mm × 10 mm × 10 mm, a 89 
high-speed precision cutting machine (Refinetech Co., Ltd., RCA-234, Kanagawa, Japan) was employed. The accurate 90 
percentage of each alloy was measured utilizing the SPECTROLAB (AMETEK, Inc., Berwyn, PA, USA) and the results 91 
are shown in table 1. Scan electron microscopy integrated with energy dispersive X-ray spectroscopy (SEM+EDS) and 92 
X-ray diffraction were employed to analyze the microstructure before and after etching in 5% nitro-hydrochloric acid. 93 
ImageJ software was used to calculate the carbide volume fraction (CVF).35 94 

Table 1. Chemical composition of the specimens (wt.%). 95 

Test Material  C Si Mn Cr Ti Fe 

3C-0Ti 2.98 0.45 0.45 27.15 0.03 Bal. 

3C-1Ti 2.97 0.47 0.43 27.09 1.06 Bal. 

3C-2Ti 3.01 0.50 0.47 26.93 1.89 Bal. 

3.5C-0Ti 3.35 0.46 0.45 27.29 0.07 Bal. 

3.5C-1Ti 3.35 0.45 0.46 27.17 1.20 Bal. 

3.5C-2Ti 3.32 0.48 0.44 27.03 2.07 Bal. 

4C-0Ti 3.91 0.48 0.43 27.53 0.09 Bal. 

4C-1Ti 3.82 0.53 0.40 27.19 1.30 Bal. 

4C-2Ti 3.89 0.51 0.44 26.89 2.39 Bal. 
 96 

Generally, HCCI is quenched after heating in the temperature range of 1173–1423 K, followed by tempering after heat- 97 

ing at 693–813 K to alter the austenite to martensite and precipitate the secondary carbide.16,24,36,37 Although, study by 98 
Purba et al. shows that high chromium based multi-component white cast iron shows the best erosive wear resistance 99 

with quenching only.38 Several research papers show that the excellent wear resistance of the material is achieved due 100 
to higher hardness, however the toughness needs to be controlled in certain instances by refining a small portion of 101 

austenite in the microstructure after heat treatment.35,39 That being so, materials with the highest hardness will be 102 
selected that may have marginal quantity of retained austenite (RA) in the microstructure after destabilization heat 103 
treatment within the favorable temperature range. As a result, the specimens in this study were heated in the tempera- 104 
ture range of 1273–1323K. After the completion of the heating the specimens were cooled through air force cooling 105 
(AFC). X-ray diffraction (Ultima IV, Rigaku, Japan, with a Cu-K∝ source) was utilized to determine the phase of the 106 
microstructure of the material. To calculate the volume fraction of RA (𝑓𝑓𝑅𝑅𝑅𝑅) the following formula was applied.  107 

 108 
        𝑓𝑓𝑅𝑅𝑅𝑅 = 100%

1+𝐺𝐺�𝐼𝐼∝𝐼𝐼𝛾𝛾
�
                     Eqn. 3 109 

  110 
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where 𝐼𝐼∝ and 𝐼𝐼𝛾𝛾  are the peak intensities of ∝-Fe (200), (211) and 𝛾𝛾-Fe (200), (220), (311), and G is the coefficient propor- 111 

tionate to the distinct composition as suggested in.40 112 
 113 
 114 
 115 
 116 

Erosive Wear Test 117 
 118 

In this current study, the selected specimens were eroded for 3600s utilizing uneven steel grit as the impact particles. In 119 
the time of erosion test 2Kg of uneven shaped steel grits (770 µm and 810 HV) was used as impact particles on each of 120 
the target specimen. To acquire accurate data the particle was exchanged with newer ones at every stage of erosion test. 121 
The nozzle pressure to inject the impact particles was 0.49 MPa at speed of 200m/s. The particles were injected in three 122 
different angles 30°,60°,and 90°. In addition, the erosive wear test was performed at room temperature. Figure 1 illus- 123 
trates the schematic of the erosive wear test machine. The mass of each specimen was weighed before and after the test 124 
utilizing an automated scale (GH-300 produced by A&D Co. Ltd.) followed by the volumetric loss evaluation. The 125 
erosion rate was obtained by dividing the volumetric loss with the total erodent supplied. The probable erosive wear 126 
mechanism was identified by inspecting the erosion scratches of the worn surface as well as investigating the vertical 127 
section erodent surface.     128 

 129 
 130 
 131 
 132 
 133 
 134 
 135 
 136 
 137 
 138 
 139 
 140 
 141 
 142 
 143 
 144 
 145 
 146 
 147 
 148 
 149 
 150 
 151 
 152 
 153 
 154 
 155 
 156 
 157 

 158 
Vickers Hardness Test 159 

 160 
Each material was cut with dimensions of 10 mm × 10 mm × 10 mm and polished afterward. To calculate the micro- 161 
hardness and macro-hardness (applied load HV 0.1 Kgf and 30 Kgf, respectively) of the materials, Future-Tech Co., 162 
Ltd.: FV-800, Kanagawa, Japan Vickers hardness testers were utilized. The micro-hardness signifies the matrix hardness, 163 

Figure 1.  Schemetic of the erosive wear test machine.  
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and the macro-hardness signifies the hardness of the entire material (both matrix and carbide).Table 2 shows the macro 164 
hardness, matrix hardness, carbide fraction, and carbide size of all the specimens.  165 

                   Table 2. Hardness, carbide fraction, and carbide size of the specimens. 166 

 167 

Test Material         3C-0Ti 3C-1Ti 3C-2Ti 

Macro hardness 870HV 815HV 768HV 

Matrix hardness 643HV 558HV 524HV 

Carbide fraction 
Carbide size 

41.2% 
13.7µm 

39.0% 
9.09µm 

39.2% 
7.1µm 

Test Material 3.5C-0Ti 3.5C-1Ti 3.5C-2Ti 

Macro Hardness 916HV 863HV 792HV 

Matrix hardness 665HV 612HV 549HV 

Carbide fraction 
Carbide size 

42.3% 
29.0µm 

39.3% 
19.8µm 

39.1% 
14.3µm 

Test Material 4C-0Ti 4C-1Ti 4C-2Ti 

Macro hardness 964HV 956HV 878HV 

Matrix hardness 748HV 672HV 623HV 

Carbide fraction 
Carbide size 

39.4% 
39.8µm 

41.0% 
32.5µm 

40.5% 
26.7µm 

 168 
 169 
 170 
 171 
 172 
 173 
 174 
 175 
 176 
 177 
 178 
 179 
 180 
 181 
 182 
 183 
 184 
 185 
 186 
 187 
 188 
 189 
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Results and Discussion 190 
Metallographic observation  191 
                              192 
The metallographic observation for materials for instance HCCI is one of the most essential factors in examining the 193 
wear properties of the material. That being the case, the test materials were separately etched in 5% nitro- hydrochloric 194 
acid for 6 min, with subsequent inspection using the scanning electron microscope. The microstructure of every speci- 195 
men is displayed in Figure 2. It is shown by the images that a considerable number of carbides are precipitated in the 196 
microstructure. It is shown that regardless of the percentage of C or Ti, primary eutectic carbide M7C3 precipitates in all 197 

specimens. Earlier several studies 41,42,43,44 have been conducted to display the shape of the M7C3 carbide. It has been 198 
discovered that the M7C3 contains a hexagonal bravais lattice; although, an orthogonal crystal structure can be observed 199 
in special circumstance. TiC begins to emerge, with the addition of Ti. The precipitation of TiC has an evident impact 200 
on M7C3 carbide. The quantity of M7C3 carbides starts to decrease as a result of the growing percentage of Ti. The reason 201 
behind decreasing quantity of M7C3 carbide is the approach of Ti to precipitate in advance of M7C3; therefore, Ti absorbs 202 
C in the primary level. The inadequacy of C to produce M7C3 causes to the insufficiency of M7C3. The quantity of M7C3 203 
begins to decrease with the precipitation of TiC, and the size of M7C3 carbide shrinks as well. Figure 3 (a) shows the 204 
microphotographs through optical microscopy (OM) after being etched in nital. It can be noticed that the microstructure 205 
consists of matrix with secondary carbides and eutectic carbides. Figure 3(b) shows that significant amount of M23C6 is 206 
precipitated along with TiC and Cr based M7C3.  207 
 208 
 209 
 210 
 211 
 212 
 213 
 214 

  
  
  
  

 
 215 
 216 
 217 
 218 
 219 
 220 
 221 
 222 
 223 
 224 
 225 
 226 
 227 
 228 
 229 
 230 
 231 
 232 
 233 
 234 
 235 
 236 
 237 
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 238 
 239 
 240 
 241 
 242 
 243 
 244 
 245 
 246 
 247 
 248 
 249 
 250 
 251 
 252 
 253 
 254 
 255 
 256 
 257 
 258 
 259 
 260 
 261 
 262 
 263 
 264 
 265 
 266 
 267 
 268 
 269 
 270 
 271 
 272 
 273 
 274 
 275 
 276 
 277 
 278 
 279 
 280 
 281 
 282 
 283 
 284 
 285 
 286 
 287 
 288 
 289 
 290 
 291 

Figure 2. Microphotograph of matrix and carbide through SEM ( red circles denote M7C3 carbides, and white circles denote 

TiC carbides). 

50µm 
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 292 
 293 
                                                                      294 
 295 
 296 
 297 
 298 
 299 
 300 
 301 
 302 
 303 
 304 
 305 
 306 
 307 
 308 
 309 
 310 
 311 
 312 
 313 
 314 
 315 
 316 
 317 
 318 
 319 
 320 
 321 
 322 
 323 
 324 
 325 
 326 
 327 
 328 
 329 
 330 
 331 
 332 
The carbide size distribution is illustrated in Figure 4. It shows a descending tendency in the average particle size, with 333 
values 13.7, 9.09, and 7.1 µm for the Ti contents of 0, 1, and 2wt.%, correspondingly in the event of 3wt.% C. An identical 334 
trend is noticed for 3.5 and 4 wt.% C as well. The probable happening to shrink or refine M7C3 carbide is that whenever 335 
the Ti begins to absorb the C, the affability of the C content in the iron melt is low for chromium carbide, causing 336 

refinement of M7C3. A former research is in favorable agreement with this present study.11 Although, a different incident 337 
is noticed when the test materials are supplemented with higher percentage of C. With an enrichment of the C content, 338 
the quantity of M7C3 carbides begins to grow.   339 
The quantity of M7C3 begins to rise with a rise in the C content, and the size of the M7C3 carbides grows in addition. A 340 
tendency in the size enlargement of M7C3 is noticed. For the C content of 3 and 4wt.% the average particle size is 13.7 341 
and 39.8 µm, correspondingly, in the event of 0wt.% Ti. A similar tendency is also noticed for 1 and 2 wt.% Ti specimens. 342 
A reasonable interpretation for this circumstance is the strong carbide forming trait of Cr. Greater percentage of C is 343 
consumed by greater amount of Cr which leads to dense M7C3 precipitation. Additionally, the C content in the 344 

(a) 

(b) 

Figure 3. Secondary carbide obervation: (a) microphotographs using OM, (b) microphotographs using SEM.    

10µm 
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stoichiometry sufficiently enhance the amount of M7C3. Figure 5 displays the X-ray diffraction (XRD) pattern of 3.5 wt.% 345 
C specimens. It is found that the matrix is mainly martensite and there is a negligible percentage of retained austinite. 346 
The mentioned three specimens 3.5C-0Ti, 3.5C-1Ti, and 3.5C-2Ti shows 10%, 3%, and 3.7% retained austenite (RA) re- 347 
spectively. 348 
 349 
 350 
 351 
 352 
 353 
  354 
 355 
 356 

   
   

 357 

 358 

 359 

 360 

 361 

 362 

 363 

 364 

 365 

 366 

 367 

 368 

 369 

Figure 4. Carbide size distribution for the 3 wt.% C and 4 wt.% C specimens. 370 
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 371 
 372 
 373 
 374 
 375 
 376 
 377 
 378 
 379 
 380 
 381 
 382 
 383 

Figure 5. X-ray diffraction (XRD) patterns of the 3.5 wt.% C specimens: (a) 3.5C-0Ti, (b) 3.5C-1Ti, and (C) 3.5C-2Ti. 384 
 385 
The carbide precipitation behavior of 27Cr seem to be densely distributed. The distribution of the added transition metal 386 
in the microstructure is difficult to locate. On that account, the 4 wt.% C test specimens with 0, 1, and 2 wt.% Ti were 387 
examined by EDS mapping. The results are displayed in Figure 6a-c. It can be identified from the microphotographs of 388 
the SEM-EDS images that the dark carbides are mostly occupied by Cr. A compact dispersion approach of M7C3 grows 389 
with the increase in C content. Although, the opposite tendency is observed with the rise in Ti content. The insufficiency 390 
of M7C3 is due to the advanced precipitation of TiC. The greater percentage of C and Ti contributes to the accumulation 391 
of TiC because of the superior affability of C.  392 
 393 

  

 
   
   
   

(a) 

(a) (b) 

(C) 
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 405 
 406 
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 409 
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 416 
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 422 
 423 
 424 
 425 
 426 
 427 
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 430 
 431 
 432 
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 434 
 435 
 436 
 437 
 438 
 439 
 440 
 441 
 442 
 443 

Figure 6. Distribution of chemical elements through SEM-EDS analysis of the 4 wt.% C specimen’s wear surfaces: (a) 4C-0Ti specimen, (b) 4C- 444 
1Ti specimen, and (c) 4C-2Ti specimen. 445 

(C) 

(b) 
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 446 
Erosive Wear Characteristics 447 
 448 
This current study has been performed on 30°, 60°, 90° impact angle, as impact angle is one of the significant factors 449 
to determine the erosive wear. The importance of impact angle on erosive wear has been stated in several previous 450 

studies.45,46 Figure 7 shows the erosion rate of each specimen in accordance with the impact angle. The X-axis indicates 451 
the impact angles, and the Y-axis indicates the amount of erosive wear loss. The results demonstrate that each of the 452 
test specimens experiences a similar wear loss tendency where the material loss intensifies at 60°impact angle. Com- 453 
pared to all the specimens, the 4C-0Ti demonstrated the lowest wear rate; although, with the increase in Ti content and 454 
the decrease in C content, the wear rate increase. The core reason behind the superior wear resistance achievement of 455 
4C-0Ti is believed to be its superior hardness. 456 
 457 
 458 
 459 
 460 
 461 
 462 
 463 
 464 
 465 
 466 
 467 
 468 
 469 
 470 
 471 
 472 
 473 
 474 
 475 
 476 
   477 
Figure 8 displays relationship between the erosive wear rate and the hardness of every specimen. The square plot 478 
demonstrates the hardness, and the bar graph represents the wear rate. It is observed that the erosive wear rate declines 479 
as the hardness of every specimen rises. A significant role is played by the C content in affecting the Vickers hardness 480 
value. The specimens with 4 wt.% displayed the slightest wear rate in comparison with every C content. Although, the 481 
wear rate of the 4C specimens increased with increasing Ti content. The specimens with smaller C content and bigger 482 
Ti content directed to a lower Vickers hardness, which can be the cause of poor wear resistance. This finding is in good 483 

agreement with a former research.47 484 
 485 
 486 
 487 
 488 
 489 
 490 
 491 
 492 
 493 
 494 
 495 
 496 
 497 
 498 

Figure 7. Relationship between erosion rate and impact angle. 
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 499 
 500 
 501 
 502 
Figure 9 illustrates the relationship between the erosion rate and carbide average particle size. It exhibits a correlation 503 
which is, the erosion rate increases as the carbide average particle size decreases. It can be predicted that the bigger 504 
sized carbides notably withstand the impact particle during erosion test hence demonstrates lowest wear resistance.  505 
 506 
 507 
 508 
 509 
 510 
 511 
 512 
 513 
 514 
 515 
 516 
 517 
 518 
 519 
 520 
 521 
 522 
 523 
 524 
 525 
 526 
 527 
 528 
 529 
 530 
 531 
Figure 10 illustrates the impact of carbide fraction on the erosion rate. The carbide fraction is affected by the Ti additions. 532 
For any given C content, C produces more Cr (M7C3) carbides than Ti (MC) carbides. Therefore, at any given C content, 533 
the amount of carbide is reduced when Ti is added. In addition, the degree of eutectic saturation of the structure de- 534 
creases as Ti is added. Since Ti carbides form at higher temperatures during solidification, the C content of the remaining 535 
liquid metal will be decreased, as will the degree of eutectic saturation. Furthermore, the C contents of these alloys 536 
range from 3 – 4%, so the base irons in each C series are all hypereutectic alloys and contain primary M7C3 carbides. 537 
With the addition of Ti, the amount of primary M7C3 carbide is reduced. Densely distributed hard carbides strongly 538 
resist the thrust of the impact particles to reduce wear. 539 
 540 
 541 
 542 
 543 
 544 
 545 
 546 
 547 
 548 
 549 
 550 
 551 
 552 

Figure 8. Relationship between erosion rate and Vickers hardness. 

Figure 9. Relationship between erosion rate and carbide size. 
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 553 
 554 
 555 
 556 
 557 
 558 
 559 
 560 
 561 
 562 
Figure 11 shows the hardness of the specimens before and after the erosion test. The hardness of the matrix before and 563 
after erosion test is shown as well. According to the previous research, it can be said that the erosion might be affected 564 
by the work hardening that occurs on the worn surface after the test. This present study shows that the work hardening 565 
has occurred on the surface of all the specimens due to the impact of particles. The hardness of the 3C specimen is 566 
increased by about 10% after the erosion test, however it is lower than that of the 4C specimen. In addition, because of 567 
the increase in C content the strengthening of the matrix was confirmed hence the hardness of the matrix is increased.  568 
 569 
 570 
 571 
 572 
 573 
 574 
 575 
 576 
 577 
 578 
 579 
 580 
 581 
 582 
 583 
 584 
 585 
 586 
 587 
 588 
 589 
Eroded Surface Observation  590 
 591 
Eroded surface observation is significant for analyzing the erosive wear behavior. In order to confirm the cause of the 592 
erosive wear phenomenon the eroded surface and wear depth observation is performed in 3D laser microscope. The 593 
3.5C and 4C specimens exhibit the similar result, due to that the 3.5C specimens are excluded. 3C-0Ti, 3C-2Ti, 4C-0Ti , 594 
and 4C-2Ti are used for explanation. It is illustrated by the Figure 12 that there are no considerable differences between 595 
the specimens wear depth values. The average wear depth was about 22 µm. 596 
 597 
 598 
 599 
 600 
 601 
 602 
 603 
 604 
 605 
 606 

Figure 11. Hardness of the specimens before and after the erosion test. 

Figure 10. Relationship between erosion rate and carbide fraction. 
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 607 
 608 
 609 
 610 
 611 
 612 
 613 
 614 
 615 
Since no significant difference in erosive wear depth is observed with 3D laser microscope, the eroded surface is exam- 616 
ined by the SEM. Figure 13 shows that the influence of Ti is absent. The microcutting is noticed in all the specimens is 617 
denoted with yellow circles. Figure 14 shows the roughness and cracking condition of the mentioned specimens. Lower 618 
C specimen 3C shows no crack with a comparatively smoother surface condition. However, higher C specimen 4C 619 
exhibits cracks and the condition of the surface is rougher than 3C specimens.  620 
 621 
 622 
 623 
 624 
 625 
 626 
 627 
 628 
 629 
 630 
 631 
 632 
 633 
 634 
 635 
 636 
 637 
 638 
 639 
 640 
 641 
 642 
 643 
 644 
 645 
 646 
 647 
 648 
 649 
 650 
 651 
 652 
 653 
 654 
 655 
 656 
 657 
 658 
 659 
 660 

Figure 12.  Eroded surface observation in 3D laser microscope.. 

Figure 13.  Eroded surface observation in scan electron microscope (SEM). 

3C-0Ti 

3C-2Ti 

4C-0Ti 

50µm 
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 661 
 662 
 663 
 664 
 665 
 666 
 667 
 668 
 669 
 670 
In order to determine the cause of the difference in microcutting and roughness it is essential to explain the effect of 671 
carbide particle size on the wear mechanism. Therefore, the eroded surface cross section was observed. The erosive 672 
wear mechanism of the fine carbides in the 3C-0Ti and 3C-2Ti specimens are explained firstly in the Figure 15.  673 
 674 
It can be noticed that the matrix experience plastic deformation and cracks are found in the fine M7C3 carbide. In addition, 675 
it is confirmed that the plastic deformation layer of the 2Ti specimen was thicker than that of the 0Ti specimen. From 676 
these facts, it is considered that the erosive wear resistance starts to decrease because of the refinement of carbide. As a 677 
result, it cannot withstand the deformation. With the time the impact particles bring more cracked carbides and the 678 
matrix is scraped off with it.  679 
 680 
 681 
 682 
 683 
 684 
 685 
 686 
 687 
 688 
 689 
 690 
 691 
 692 
 693 
 694 
 695 
 696 
 697 
 698 
 699 
 700 
 701 
 702 
 703 
 704 
 705 
 706 
 707 
 708 
However, a reverse scenario is observed for the 4C specimens. Figure 16 displays the wear mechanism of 4C specimens 709 
with coarse carbides. It is noticed that the plastic deformation and coarse carbide cracks are present in all materials. It 710 
can be considered that the increase in the wear resistance is due to the strengthening of the matrix and the coarsening 711 
of carbides due to the increase in the C content.      712 
 713 
 714 

4C-2Ti 

Figure 14.  Roughness and cracking condition of the specimens. 

Figure 15. Erosive wear mechanism of the fine carbides in the 3C-0Ti and 3C-2Ti specimens: (a) SEM image of the eroded 

surface cross-section, (b) Erosive wear progress behavior of fine carbides. 
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 17 of 20 
 

 

 715 
 716 
 717 
 718 
 719 
 720 
 721 
 722 
 723 
 724 
 725 
 726 
 727 
 728 
 729 
 730 
 731 
 732 
 733 
 734 
 735 
 736 
 737 
 738 
 739 
 740 
  741 
     742 
 743 
 744 
                           745 
 746 
 747 
 748 
 749 
 750 
 751 
 752 
 753 
 754 
 755 
 756 
 757 
 758 
 759 
 760 
 Conclusion 761 

 762 
    After the investigation on the effects of Ti and C on the erosive wear behaviour of 763 
HCCI the below conclusions can be summarized: 764 
 765 

1. The addition of Ti to HCCI prompts the M7C3 carbides in the microstructure to 766 
become finer. With the increase in Ti for all specimens more TiC precipitates that 767 
results to reduction in carbide fraction and size.   768 

Figure 16. Erosive wear mechanism of the coarse carbides in the 4C-0Ti and 4C-2Ti specimens: (a) SEM image of the eroded 

surface cross-section, (b) Erosive wear progress behavior of coarse carbides. 
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 769 
2. The carbide size and fraction have significant impact on the erosive wear. De- 770 
crease in carbide size and carbide fraction results to lower hardness and makes 771 
the specimen easy target for impact particle to erosion. 772 
 773 
3.By increasing the C content to HCCI more M7C3 starts to precipitate in bigger 774 
size. A correlation is found between erosion rate and M7C3 carbide size, which is 775 
the erosion rate increased as the average particle size of M7C3 carbides become 776 
finer as a result of more Ti addition.  777 
 778 
5. A material composition with highest C and lower Ti content generally demon- 779 
strates the best erosive wear resistance due to bigger carbide size, carbide fraction 780 
and higher hardness.  781 
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