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Abstract. This work investigates the wear process of monolayer brazed CBN wheels during 

high speed (135 m/s) grinding of particulate reinforced titanium matrix composites (PTMCs) 

TiCp/Ti-6Al-4V with a comparative grinding process of Ti-6Al-4V alloy. Six states of wheel 

surface for different material removal volume were examined to realize the progressive wear 

process of the CBN wheel. It was found that the CBN wheel experienced a rapid wear 

process in the beginning of the grinding process, followed by a steady wear stage thereafter. 

Attrition wear, micro fracture and macro fracture were the prevailing wear mechanisms of the 

abrasive grains. However, the macro fracture occurred more frequently when grinding 

TiCp/Ti-6Al-4V due to the impact from the hard TiC reinforcements. Meanwhile, the ground 

surface quality was improved with an alleviation of reinforcement fracture as a result of 

reduced undeformed chip thickness. 

1 Introduction 

Particulate reinforced titanium matrix composites (PTMCs) are considered as advanced 

structural materials due to outstanding specific strength and wear resistance [1]. However, the 

tough titanium matrix as well as the hard and brittle reinforcements (e.g. SiC and TiC) would 

induce some undesirable machining results, e.g. fast tool wear and deteriorated surface 

quality, which is the main impediment to their wide application [2]. 

Grinding is a common method to machine materials with poor machinability, e.g. titanium 

alloys and ceramic materials [2]. Compared to SiC, Al2O3 and conventional superhard 

abrasive wheels, the application of monolayer superhard abrasive wheels can promote 

acceptable grinding consequence because of high grain protrusion and excellent wear 

resistance and thermal conductivity of abrasive grains. Especially, the monolayer brazed 

superhard abrasive wheels can provide generally higher grain protrusion and more powerful 

holding force to the abrasive grains than the electroplated ones, which is helpful in exporting 

longer wheel life [3]. Grinding practices of titanium alloys and nickel-based alloys using such 

kind of abrasive wheels have achieved inspiring results in terms of improved material remove 

rate without sacrificing surface finish [4], and they are research focus of the current work. 

Abrasive wheels are subjected to a degree of grain wear during grinding due to interfacial 

force required to remove the workpiece materials and thermal impact from grinding-induced 

heat and cooling fluid applied. A number of investigations have been carried out with respect 

to characterizing wear features of the monolayer superhard abrasive wheels, encompassing 

multiply grinding congratulations such as surface grinding, creep feed grinding and high 



speed grinding. Malkin et al. [5] analyzed wear mechanisms of electroplated CBN wheels in 

high speed grinding of silicon carbide. Attrition wear was found to be the main wheel wear 

mechanism, followed by little grain fracture, with negligible grain pullout from the bond. 

They also explored the grinding performance of such kind of abrasive wheels in grinding 

hardened bearing steel as well as the wheel wear effects on the process responses [6]. The 

abrasive grains went through attrition wear, grain fracture and grain pullout during grinding, 

with the attrition wear raising an increase in grinding power because of an elevated number 

of active abrasive grain and the grain fracture and pullout offsetting this trend to a certain 

degree. Though much progress has been made on understanding the wear mechanisms of the 

electroplated superhard abrasive wheels, a solid foundation for the wear features of the 

brazed wheels is to date not available. Moreover, the presence of reinforcements in PTMCs 

may lead to a more complicated wear mechanism; unfortunately, there is no research on such 

effect. 

The current work investigates the wear patterns of monolayer brazed CBN wheels when 

high speed grinding PTMCs. Titanium alloys were also ground for a better understanding of 

the influence of the reinforcements. 

2 Experimental details 

The monolayer CBN wheel (Fig. 1a) with a diameter of 400 mm was prepared using 

high-frequency induction brazing technical at a constant temperature of 920 ℃. The grain 

size was 160-180 μm (Fig. 1b). The Ag-Cu-Ti powder was selected as the brazing alloy. The 

fabrication details was give Ref. [7]. The PTMCs used in the current work was 10 vol% 

in-situ TiCp/Ti-6Al-4V (Fig. 2). 

     

(a)                               (b) 

Fig. 1 Experimental setup: (a) the overall view; (b) enlarged view of wheel surface. 

 

Fig. 2 Microstructure of PTMCs sample. 

The grinding tests were conducted using surface grinding machine BLOHM PROFIMAT 

MT with the following conditions: wheel speed of 135 m/s, depth of cut of 0.01 mm and 

workpiece infeed speed of 3 m/min. Emulsified liquid with pressure of 1.5 MPa was supplied 
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during grinding. Fig. 1a demonstrates the experimental grinding setup. The microstructure 

changes of the workpiece ground surface were detected using Hitachi S-3400 scanning 

electron microscopy (SEM). The wheel loss in radius was measured by the copying method 

using 3Cr13 stainless steel razor blades. The grinding wheel was directly observed under an 

optical microscope (Hirox KH-7700) instead of the copying method. 

3 Results and discussion 

Wear process of CBN grains. In this work, the morphological features of a random area on 

the wheel surface were captured for the states of Q′w=0 (as-produced), 300, 600, 900, 1200 

and 1500 mm3/mm, respectively. These pictures were compared to each other to reflect the 

wear evolution of each grain in the area. 

Two abrasive grains, i.e. grain 1 and grain 2 in Fig. 3a that suffered different changes were 

selected for the detailed discussion of the grain wear process in grinding of Ti-6Al-4V alloy. 

Grain 1 underwent mainly micro fracture in the first 900 mm3/mm specific material removal 

(Fig. 3b, 3c and 3d). As the grinding process proceeded, it was subjected to severe attrition 

wear, indicated by the shiny broad flattened area at the tip of the grain under an optical 

microscope (Fig. 3e). After grinding 1500 mm3/mm specific volume of material, the flattened 

area was enlarged, with a certain amount of micro fracture also observed (Fig. 3f). Grain 2 

suffered attrition wear, micro fracture and macro fracture simultaneously in the first 300 

mm3/mm specific material removal (Fig. 3b). The wear flat area became broader after 

grinding 600 mm3/mm specific volume of material (Fig. 3c). With more grinding, macro 

fracture occurred again, after which the grain part appearing out of the brazing alloy was only 

about a half of that in the as-produced state (Fig. 3d). In the following grinding operation, the 

grain was exposed to a hybrid of attrition wear and micro fracture (Fig. 3e and 3f). 

   

(a)                          (b)                           (c) 

   

(d)                          (e)                           (f) 

Fig. 3 Wheel surface morphology at different grinding stages of Ti-6Al-4V alloy: (a) Q′w=0; (b) Q′w=300 

mm3/mm; (c) Q′w=600 mm3/mm; (d) Q′w=900 mm3/mm; (e) Q′w=1200 mm3/mm; (f) Q′w=1500 mm3/mm. 

Similarly, two grains, i.e. grain 3 and grain 4 in Fig. 4a were selected for detailed 
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discussion of grain wear process when grinding PTMCs. Grain 3 started out with slight 

attrition wear (Fig. 4b). After grinding 600 mm3/mm specific volume of material, micro 

fracture was observed (Fig. 4c), which evolved into flattened area in the following grinding 

interval (Fig. 4d). As a result of another 300 mm3/mm specific volume of material, about 1/5 

of the grain volume appearing out of the brazing alloy peeled off from the abrasive grain but 

was still embed in the brazing alloy (Fig. 4e). In the last grinding interval, the abrasive grain 

suffered mainly attrition wear (Fig. 4f). Grain 4 also started out with attrition wear (Fig. 4b). 

In the following 300 mm3/mm specific volume of material, micro fracture seems to be the 

main grain wear pattern (Fig. 4c). Then macro fracture was found, together with an enlarged 

flattened area (Fig. 4d). Similar to grain 2, the grain was subjected to a hybrid of attrition 

wear and micro fracture in the following grinding operation (Fig. 4e and 4f). 

Not all the traced grains are discussed in detail because of space limitation of this article. 

As can be seen from Figs. 3 and 4, the monolayer brazed CBN wheel was subjected to 

attrition wear and fracture in grinding of both Ti-6Al-4V alloy and PTMCs; however, more 

frequent macro fracture of the CBN grains occurred when grinding PTMCs. The reason can 

be attributed to the impact acting on the abrasive grains from the hard reinforcements. This 

effect was also reported in turning and milling of metal matrix composites, e.g. aluminum 

matrix composites [8]. No grain pullout was found even at the early grinding stage where the 

grains are exposed to elevated mechanical loading as a result of the limited number of active 

grains. This suggests satisfactory junction strength between the abrasive grains and the 

brazing alloy. 
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Fig. 4 Wheel surface morphology at different grinding stages of PTMCs: (a) Q′w=0; (b) Q′w=300 mm3/mm; (c) 

Q′w=600 mm3/mm; (d) Q′w=900 mm3/mm; (e) Q′w=1200 mm3/mm; (f) Q′w=1500 mm3/mm. 

Radial wear of the wheel. The radial wear of the wheel against Q′w in grinding of PTMCs 

was measured and plotted in Fig. 5. The monolayer brazed CBN wheel exhibits first a high 

wear rate in the early grinding stage then a relatively moderate one in the following grinding 

operation. For instance, the wheel lost 21 μm in radius during first 300 mm3/mm specific 
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material removal, followed by 20 μm in the subsequent 1500 mm3/mm specific material 

removal. The changes in the number of active grains can be responsible for such difference. 

With the use of an as-produced wheel, only those over-protruded grains can be involved in 

the material removal process, thus resulting in a high mechanical loading acting on each 

cutting grain. With more grinding, some inactive grains are activated and introduced to the 

material removal process, producing a decreased undeformed chip thickness and 

corresponding mechanical loading undertaken by each cutting grain. 
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Fig. 5 Radial wear of the wheel versus specific material removal volume 

Wheel wear effects on surface finish. Fig. 6 illustrates ground surface microstructure of 

PTMCs with Q′w=0, 600 and 1200 mm3/mm, respectively. When using the as-brazed wheel, 

some deep striations were produced on the ground surface (Fig. 6a), promoting a larger 

surface roughness Ra of 1.6 μm (Fig. 7). After grinding 600 mm3/mm specific volume of 

workpiece material, the ground surface became smoother with much shallower grooves (Fig. 

6c) and decreased surface roughness value of 0.9 μm Ra (Fig. 7). With Q′w=1200, the ground 

surface finish were further improved. On the other hand, the surface defect issue due to the 

reinforcement fracture revealed a progressive improvement as the grinding operation 

proceeded. The above-mentioned improvements of ground surface quality can also be 

attributed to the reduced undeformed chip thickness due to the increase in the number of 

active grains [9]. 

   
(a)                           (b)                            (c) 

Fig. 6 Ground surface microstructure of PTMCs: (a) Q′w=0; (b) Q′w=600 mm3/mm; (c) Q′w=1200 mm3/mm. 

4 Conclusions 

(1) Attrition wear, micro fracture and macro fracture were the dominant wear mechanism 

of the molonayer brazed CBN wheels when grinding both Ti-6Al-4V alloy and PTMCs. 

However, macro fracture occurred more frequently during grinding of PTMCs due to the 

impact from the hard reinforcements. 

(2) When grinding PTMCs, the molonayer brazed CBN wheels were subjected to a fast 
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wear rate in the beginning of the grinding process. After that, a steady wear stage was 

obtained. 

(3) With progressive wheel wear, the ground surface finish was improved due to the 

decrease in undeformed chip thickness, including reduction in surface roughness value and 

alleviation of reinforcement fracture. 
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Fig. 7 Surface roughness variation of PTMCs against specific material removal. 
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