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Research on grinding force modeling and surface morphology characteristics 

evaluation in dry grinding of Ti-6Al-4V machined by structured grinding wheel 

Abstract 

Dry grinding eliminates the use of coolant, reducing environmental pollution and 

energy consumption, which aligns with the green manufacturing principles of modern 

industry. However, dry grinding of titanium alloys presents issues such as high grinding 

forces, surface burning, and increased surface roughness. The design of structured 

grinding wheels can reduce friction and heat generation during the grinding process, 

thereby lowering grinding forces and temperatures, which helps to prevent surface 

burning and cracking resulting in better surface quality. By integrating the curved 

quadrilateral pyramid grit model, the material properties of titanium alloy TC4, and the 

surface structural parameters of a regular array structured grinding tool, a theoretical 

model for grinding force considering instantaneous contact state between the grit and 

the workpiece has been established. The mapping relationship between grinding forces, 

surface structural features of grinding tool, and processing parameters was explored. 

The research findings are of great significance in improving the surface quality of 

titanium alloy dry grinding with structured tools, enhancing processing efficiency, 

increasing process stability, promoting environmental protection, and expanding 

application fields. 

Keywords: Dry grinding; Grinding force; Surface topography;Ti-6Al-4V;  

 

 

 



 

 

1.Introduction 

Titanium alloy is an alloy material made of titanium mixed with other 

metals, which has high strength, heat resistance and corrosion resistance, 

which makes titanium alloy have been widely used in the national economy, 

especially in the field of aerospace and biomedical fields [1-2].Besides, with 

advancements in science and technology and continuous improvement of product 

performance, and the higher requirements are put forward for the dimensional 

accuracy and surface quality of titanium alloy components [3-4]. However, the 

poor creep resistance, small elastic modulus and poor thermal conductivity of 

titanium alloy results in a lot of difficulties have been encountered in grinding 

titanium alloys, and the primary problems encountered in grinding titanium alloy can 

be summarized as large grinding force, high grinding temperature, serious tool wear 

and intensified hardening, etc [5-6]. 

The grinding force signal is a crucial parameter reflecting the state of the grinding 

process. By real-time monitoring and analysis of the grinding force signal, the stability 

and efficiency of the grinding process can be understood, and potential issues such as 

grinding wheel wear and workpiece deformation can be promptly identified and 

resolved. The study of grinding force signals holds significant importance for 

advancing the development of grinding technology. In-depth research into grinding 

force signals can reveal the physical and chemical mechanisms during the grinding 

process, providing theoretical support for the development of new grinding wheel 

materials, grinding techniques, and equipment[7-8]. By measuring and analyzing the 

force signals can understand changes in working conditions and optimize machining 

parameters accordingly. Thus, several scholars at home and abroad have conducted 

research on machining force signals. Niu et al.[9] found that cutting force signals are 



 

 

more sensitive to tool wear than vibration and sound signals and experimentally proved 

that the classification accuracy of cutting force sensor-based wear monitoring model is 

96.7%. Jemielniak et al. [10] studied that the cutting force sensing system was interfered 

by table resonance and proposed a multi-sensor fusion strategy to improve the system 

performance and avoid distorted single-feature information. Nogi et al.[11] proposed the 

new approach to combine high-frequency information with differential features, which 

is processed using a long and short-term memory model and significantly reduces the 

detection delay. Experiments demonstrated that this method outperforms feedforward 

neural and convolutional neural network. Sakaino et al. [12] proposed a force estimation 

method based on frequency analysis to deal with accurate force monitoring in noisy 

machining, which overcome the limitations of traditional force sensors and verify its 

effectiveness and robustness. Qin et al.[13] developed the titanium alloy helical milling 

force model based on parallel mechanism and can monitor the cutting force signals in 

real time, improve the machining stability by adjusting the parameters, and verify the 

model accuracy by time-frequency transformation. Xavier et al.[14]predicted the metal 

layer burr height in CFRP drilling by fractal analysis of cutting force signals and 

measured the burr height at the exit of the metal layer to verify that his monitoring 

method was effective and accurate. Kwak et al. [15] processed cutting force signals 

using discrete wavelet transform, extracted key features and detected the 

wheel re-dressing time and vibration onset of chattering for supporting the 

stable operation of automated manufacturing systems. Wang et al.[16] 

established the relationship model of grinding force with temperature and 

burns, monitoring the grinding force can predict the temperature change and 

prevent burns. Sutowski et al.[17]pointed out that grinding force amplitude 

changes can reflect cutting capacity and removal efficiency and the 



 

 

monitoring force changes can be used to infer workpiece quality and grinding 

wheel life. Jamshidi et al.[18] monitored tool wear in drilling of CFRP and titanium 

stacked materials through fractal analysis of cutting force time series data to assess and 

prevent low quality machining in real time to ensure machining quality and efficiency.  

Grinding force is caused by the elastic deformation, plastic deformation, chip 

formation, and friction between the grinding particle and workpiece after the contact of 

the grinding wheel with the workpiece, which is closely related to the integrity of the 

grinding surface. Grinding force has a significant relationship with the generation of 

grinding heat and vibration during the grinding process. At the same time, grinding 

force can cause plastic deformation of metal and produce residual stress, which in turn 

leads to damage to the grinding surface and subsurface. Tasi et al.[19] pointed out that 

force signal monitoring can reflect machining condition and predict over-

grinding phenomenon, which is effective to monitor average grinding force 

and acoustic emission signal. Feng[20] experimentally verified the effects of grinding 

speed, feed rate and depth on grinding force and constructed a theoretical model of 

grinding force that matched the experimental data. Yan et al.[21] found that force 

signal changes are closely related to the grinding parameters and significantly 

reduces grinding force and improves machining smoothness.  Cao[22] revealed 

the law of grinding force variation with parameters and the abnormalities can be 

detected in time by monitoring the grinding force to ensure a smooth machining process. 

Chi et al.[23]disclosed that the grinding force was linearly proportional to the 

amplitude of acoustic emission signal change during the grinding process and 

found that there was a specific relationship model between the acoustic 

emission signal and the grinding process parameters. Yin et al.[24] found that the 

acoustic emission signal intensity is directly related to the grinding force and cutting 



 

 

volume, the grinding wheel speed affects the signal characteristics, and the spectral 

amplitude varies with the grinding parameters. 

From literature, although many domestics and foreign scholars have focused on 

measurement and modeling of the grinding force, the relationship between the grinding 

force and grinding wheel characteristics, and the relationship between grinding force 

and grinding parameters for conventional grinding wheel machining of titanium 

alloy[25-27], very few efforts have been noted to investigate the grinding force and 

performance of the small grinding wheel with micro-array structure (SGW-MAS). 

Compared with the conventionally small grinding wheel, the grinding contact area of  

structured grinding tools is small, and the micro-array structures on the surface can 

contain chips and facilitate coolant to enter the grinding zone, resulting in different 

grinding forces in the machining process. Therefore, the grinding force model of for 

titanium alloy TC4 using small grinding wheel with micro-array structure is established 

and the effects of grinding process parameters and grinding wheel structural parameters 

have been disclosed. It is of great significance to carry out the research on the theoretical 

modeling of grinding force and the law of force action of the new grinding wheel for 

the realization of controllable and predictable grinding of titanium alloy.  

2. Establishment of grinding force model for SGW-MAS 

Compared with the conventional grinding wheel, the grinding contact 

area of the new grinding wheel is small and there is a micro-array structure 

on the surface that accommodates chips and facilitates the entry of coolant 

into the grinding zone, resulting in a different role of the grinding force in the 

machining process. Therefore, it is of great significance to carry out the 

theoretical modeling of the grinding force of the new grinding wheel and 



 

 

research on the law of the chemothermal coupling action for the realization 

of the controllable and predictable grinding of titanium alloy TC4.  

The morphology model of regular array abrasives is divided into three 

parts: (I) analysis of the surface structure of regular array abrasives; (II) 

modeling analysis of abrasive particles; (III) determination of the random 

distribution position of abrasive particles considering the actual parameters 

of regular array abrasives. For the modeling of abrasive grain, the curved-top 

quadrangular pyramid model is selected as shown in Fig.1, combined with the 

reference[28], the sharpness of abrasive grain can be set to about 0.02 times of 

the wear particle size dg. The shape of wear particles established is a curved-

top quadrangular pyramid with an angle θg of 60 degree and the height of cone 

body is dg as shown in Fig.1(b).The chord length of the top part of the curve 

is 0.02dg and the radius is r (r=0.01dg/cos30°), and dg can be calculated. In order 

to obtain the random position of the abrasive grain , according to Fig.1(b), the 

surface of grinding tool is expanded in three dimensions, and the surface of 

the grinding tool is dispersed into ng cubic units with Lcube side length. The 

total area occupied by the abrasive grains should be less than or equal to the 

surface of the abrasive tool in a regular array structure . The ng should satisfy 

the following conditions: 
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Where the SGT represents surface area of regular array structure abrasives . 

The cube unit in the i direction along the grinding tool circumference is 

denoted as i=1,2,……, rN , a nd t he c ube u nit i n t he  j direction along the 

circumference of the grinding tool is marked as j=1,2,……, lN .Then, the abrasive 



 

 

grains on the surface of grinding tool with regular array structure can be 

expressed as
ijG . Since the groove structure corresponds to the smaller central 

angle  , i t i s c onsidered t hat t he c orresponding c entral a ngle o f a  s ingle  

abrasive particle in the groove is equal to the central angle of a single abrasive 

particle in region without groove  .  The random placement of abrasive 

grains on the surface of a regular array structure can be obtained by the 

following: In the first step, the abrasive grains are uniformly arranged in the 

center position of the discrete cube unit  (xg, yg, zg); In the second step, 

considering that the abrasive grains on the surface of the abrasive tool are not 

uniformly distributed but randomly distributed, as shown in Fig.1(c).  

 

Fig. 1 Modeling process of the random grinding tool with regular array structures topography 

Based on the first step, the abrasive grains in the center of the cube unit 

are randomly moved xrand、yrand、zrand in the xyz direction respectively（-0.5Lcube 

≤ xrand、yrand、zrand ≤ 0.5Lcube). The third step is to ensure that the abrasive grains 

do not interfere in the arrangement process. If the interference occurs, the 

values of xrand、yrand and zrand will be re-assigned .Before analyzing the grinding 



 

 

force model of a single abrasive grain, it is necessary to analyze the 

classification of static effective abrasive grains, the dynamic effective 

abrasive grains, and the contact state between abrasive grains and the 

workpiece. The grinding force model of one single grain is the basis of the 

multi-grain grinding force model [29]. In this paper, the grinding force model 

is established based on the instantaneous contact state between the grain and 

workpiece and combined with shape of the curved quadrangular cone. The 

grinding force analysis diagram for the small grinding wheel with micro-array 

structure is shown in Fig.2. The interference between the abrasive grain and 

the workpiece in the friction stage occurs at the interface between the abrasive 

grain and the workpiece surface as displayed in Fig.3. Since the tip of the 

model is a sphere with radius r , the normal friction in the friction stage can 

be solved by Hertz contact theory. Based on Herz contact theory [30], the 

normal friction force nr,ijF   and tangential friction force tr,ijF   is obtained by 

Eqs(2) and (3),respectively. 

                ( )
2

3/2,*

nr, ,

4

3 2

g ij

ij t ij

d
F E h

 
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      (2) 

 tr, nr,ij r ijF F=  (3) 

Where *E is the modulus of elasticity; r is coefficient of friction and 0.3r = [31]. 

As shown in Fig.2(b), considering the shape of the abrasive grain, the 

cross-sectional area of the abrasive grain ijG  in the plowing stage during the 

material removal process is denoted as ijS , and value of ijS  is divided into 

two cases: (Ⅰ) critical chip thickness in plowing stage 
, , ,plowing ij g ij pcutting ijh h h  , if  

instantaneous thickness of undeformed chips , , ,plowing ij m ij g ijh h h  , the cross- 



 

 

sectional area is ,1ijS . 

 

Fig. 2 Schematic diagram of force analysis of multiple grains and force analysis of single 

grain in three stages 

If the instantaneous undeformed chip thickness , , ,g ij t ij cutting ijh h h  ,and the 

(a) 

(b) 

(c) 



 

 

cross-sectional area is ,2ijS ;  (Ⅱ) the critical chip thickness in the plowing 

, ,g ij plowing ijh h , if instantaneous undeformed chip thickness , , ,plowing ij t ij cutting ijh h h  , 

the cross-sectional area is ,3ijS . T herefore, t he c ross -sectional area of the 

abrasive ijG in the plowing stage during the material removal process is denoted 

as ijS and can be expressed as Eq.(4). 
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 (4) 

For the plowing force, De Vathaire et al.[32] studied the plowing model, 

and the normal plowing force equation of a single abrasive grain can be 

expressed as Eq.(5). 

 tp,ij s ijF H S=  (5) 

Where Hs is the scratch hardness and Hs=1.08Hv[33]. The indentation shape 

left by abrasive grain ijG  passing through the workpiece can be regarded as 

the shape of the abrasive grain. In the curved pyramid abrasive grain model 

established in this paper, the length of the height of the curved top in the 

direction of the height of the abrasive particle is , ,( sin 0.5* )g ij g ij ij ij gh h r r = − .  

Similarly, the indentation width on the workpiece is also divided into two 

cases: (Ⅰ)The critical chip thickness in plowing stage , , ,plowing ij g ij pcutting ijh h h  , if 

the instantaneous thickness of undeformed chips , , ,plowing ij m ij g ijh h h  , t he  

indentation width is ,1ijL , and if the instantaneous undeformed chip thickness 



 

 

, , ,g ij t ij cutting ijh h h  , the indentation width is ,2ijL ; (Ⅱ) the critical chip thickness 

in the plowing stage , ,g ij plowing ijh h , i f t he i nstantaneous u ndeformed c hip  

thickness , , ,plowing ij t ij cutting ijh h h  , i ndentation w idth i s ,3ijL . T herefore, t he  

indentation width of the abrasive ijG in the plowing stage during the material 

removal process is denoted as ijL and can be expressed as Eq.(6). 
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 (6) 

The expressions of plowing friction coefficient p,ij can be estimated from 

references[34] as presented in Eq.(7). Therefore, the normal plowing force for 

the grain ijG at the plowing stage can be expressed as Eq.(8). 
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As mentioned above, the critical chip thickness when abrasive grain ijG  

is , , ,( 0.025 )cutting ij cutting ij g ijh h d= , while the length of curved height of grain ijG  in 

direction of abrasive particle height is , ,( sin 30 )g ij g ij ij ijh h r r= −  . As can be seen

, ,g ij cutting ijh h , the force analysis of a single abrasive grain ijG  in the cutting 

stage is shown in Fig.2(c). The cutting stage is considered to be related to the 

formation of chips and the removal of workpiece materials.The normal force 

and tangential force generated by the ijG movement of abrasive grains in the 



 

 

cutting stage can be expressed as Eqs.(9) and (10)[35]. 
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3
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 , , ,tc ij nc ij c ijF F =  (10) 

Where ijc, is friction coefficient of cutting stage,
, / 4 tan( / 2)c ij g  = [36]. 

As mentioned above, the grinding force model of a single abrasive grain 

is established based on the instantaneous contact state between the abrasive 

grain and the workpiece and combined with the shape of the curved pyramid 

abrasive grain. In order to obtain the multi-grit grinding force model of the 

regular array structural abrasive tool, the abrasive vertex with the maximum 

protruding height is taken as the basis.  The rules of array structure of abrasive 

global global global globalO X Y Z three -dimensional expansion plan to build the global 

coordinate system, based on this, single diamond grits instantaneous grinding 

force can be deduced. Then the grinding force of a single abrasive grain is 

synthesized by coordinate transformation, and composite grinding force of 

regular array structure abrasive particle is derived as Eq.(11). 
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 (11) 

The grinding force simulation process is displayed in Fig.3, which 

mainly includes the following four steps: firstly, the grinding tool surface 

topography modeling considering the truncated hexahedral abrasive  grain 

model and the structural characteristics of the new grinding tool with regular 

array structure; Then, calculating motion trajectory of abrasive particle  and 

distinguishing dynamic effective abrasive particle; Thirdly, distinguishing the 



 

 

instantaneous state of abrasive grain; Finally, solving the instantaneous 

grinding force according to the instantaneous state of the abrasive grains.  

 

Fig.3. Flow chart of grinding force simulation for SGW-MAS 

 

3. Experimental details  

The grinding experiment of titanium alloy TC4 is carried on the JX-1A 



 

 

precision machine tool manufactured by Shenzhen Juxie precision machinery 

company as presented in Fig.4, and this machine tool equipped with table 

workbench size of 560×500mm, spindle speed of 3000~60000rpm, feed speed 

of 0~1200μm/s, position accuracy of 0.006mm, tool alignment precision of 

0.02mm. The workpiece material is titanium alloy (Ti-6Al-4V) and is prepared 

with the size of 100mm×10mm×10mm. The processing parameters includes 

rotation speed of 10000~40000rpm, feed velocity of 3~36mm/min, radial 

depth of 10~40μm, axial grinding depth of 2mm and grinding length of 3mm.  

Small grinding wheels with micro-array structure made of various abrasive grain size 

of 300# and 500# and spiral groove depth of 100μm and 200μm are used, respectively. 

Besides, dry grinding without fluid is adopted to achieve the green machining.  

 

Fig.4. The JX-1A grinding machine tool  

Additionally, the grinding force signals are collected by German three -

axis dynamometer MEK3D60.This strain-gauge type force instrument has an 

output signal of 1mV/V, a full-scale interference accuracy of 0.5%, and a 

range of ±20N in all three directions. It is employed to measure the forces in 

the x and y directions during the side grinding process of titanium alloy, and 

the feed direction is along the y axis. The output signals from the force 



 

 

measuring instrument is conditioned by a strain conditioner and input into the 

DH5920 dynamic signal testing and analysis system. Then, the eigenvalues of 

the mean value, standard deviation, peak value and root mean square of 

titanium alloy grinding force signal are extracted. The surface quality and 

surface topography of titanium alloy are observed and measured by laser 

confocal microscope LEXT OLS4100, where the surface roughness parameter 

values are measured three times and the average value is obtained.  

4. Results and discussion  

4.1 Influence of geometric structure of small grinding wheel s on grinding force 

The geometric structure of grinding tools directly affects the grinding 

force and stability during the grinding process, by optimizing the geometric 

shape of the grinding wheel's surface, it is possible to reduce the grinding 

force, improve the stability of the grinding process, and enhance the quality 

of machining[38-42].Compared to conventional grinding tools, the structured 

micro-array grinding wheel differs in abrasive particle distribution, grinding 

contact area, and chip accommodation space, resulting in variations in 

grinding forces during the process. It is necessary to study the impact of 

different abrasive grains and surface structural parameters on grinding forces. 

Therefore, in order to investigate the influences of abrasive grain size and micro 

groove structure  on grinding force are revealed, wherein the groove depth for small 

grinding wheels 1# and 2# with abrasive grain size of 300 meshes are 100μm and 

200μm, respectively; The groove depth of 5# and 6# with abrasive grain size of 500 

meshes are 100μm and 200μm, respectively.  

The effects of groove depth for SGW-MAS on normal and tangential force signals 

are investigated as Fig.5, the normal and tangential grinding force of 2# grinding tool 



 

 

with groove depth of 0.2mm is greater than that of 1# grinding wheel with groove depth 

of 0.1mm under the same feed speed. This is because the grinding force is the result of 

the interaction between the grinding wheel and the workpiece, and the increase in the 

amount of material removed will inevitably lead to the enhancement of this interaction, 

thus increasing the grinding force; when the groove depth increases, the thickness of 

the chips generated during the grinding process will also increase, and the increase in 

chip thickness will require a greater grinding force to overcome the material shear stress 

and friction resistance. As the groove depth increases, the contact area between the 

grinding wheel and the workpiece increases accordingly. This means that under the 

same grinding conditions, more abrasive grains will be involved in the grinding process 

at the same time. These abrasive grains will work together to exert a grinding force on 

the workpiece during the grinding process, resulting in an increase in the total grinding 

force.  

 
(a) Normal grinding force 



 

 

 
(b) Tangential grinding force 

Fig.5. Comparison of grinding force of 1# and 2# SGW-MAS with various groove depth 

Effects of abrasive grain size of SGW-MAS on grinding force are analyzed as 

presented in Fig.8, which indicates that the normal and tangential forces of the 5# and 

6# SGW-MAS with abrasive grain size of 500 mesh are less than those of the 1# and 

2# SGW-MAS with 300 mesh. This is mainly due to the larger abrasive grain of 300 

mesh arise in the larger surface contact area thereby increasing the frictional force. 

Besides, in the grinding process, the removal of workpiece material by abrasive grains 

is achieved through micro-cutting actions. Each abrasive grain can be approximated as 

a tiny cutting edge, and its cutting process is similar to that of a milling cutter's tooth. 

When the size of the abrasive grain increases, the cutting thickness of each grain also 

correspondingly increases, meaning that each grain needs to remove more material and 

the cutting force acting on abrasive grain will increase. Furthermore, the larger abrasive 

grains may also cause more intense dislocation formation and higher stress 

concentration, which further increases the fluctuation range of the grinding force as 

presented in Figs.6(a) and (b). 



 

 

 

(a) Normal grinding force 

 

(b) Tangential grinding force 

Fig.6. Comparison of grinding force of 2# and 6# SGW-MAS with various abrasive grain size 

4.2 Influence of processing parameters of SGW-MAS on grinding force 

The normal and tangential force signals of TC4 machined by small grinding wheel 

1# with various feeding speed are presented in Fig.7, it can be seen that the grinding 

force for SGW-MAS is increased with the increase of feeding speed, this is mainly due 

to when feeding speed increases, the relative distance of movement between the 

grinding tool and the workpiece per unit of time increases, which means that the 

grinding tool needs to remove more material in the same time. In order to overcome the 

resistance of this material and remove it from the workpiece, the grinding tool needs to 

exert a greater force. As the feed rate increases, the speed at which the cutting edge 

moves across the surface of the workpiece increases. This results in increased friction 

and compression between the cutting edge and the workpiece, thereby increasing the 



 

 

cutting resistance. The increase in cutting resistance is also an important reason for the 

increase in grinding force.Fig.8 shows the schematic diagram of amplitude variation of 

normal grinding force and tangential grinding force for 1#, 2#, 5# and 6# at rotating 

speed n=25000 rpm, cutting depth ap=12 μm, and feed speed vw=3mm/min~36 mm/min, 

respectively. Moreover, as for the 1# and 2# SGW-MAS with 300 abrasive grain size, 

it can be seen that the normal grinding force of the 1# SGW-MAS reaches the maximum 

value of 14.9N when the feed rate reaches 36mm/min, the normal grinding force of the 

2# SGW-MAS reaches the maximum value of 17.1N when the feed speed reaches 

36mm/min. At the same time, the grinding force of 2# SGW-MAS is larger than that of 

1#. The tangential grinding force of 1# SGW-MAS reaches a maximum value of 14.6N 

when the feed speed reaches 36mm/min, and that of 2# SGW-MAS reaches a maximum 

value of 20.5N when the feed speed reaches 36mm/min. The trend of the tangential 

force and normal force changes with the feed rate is consistent. 

 

(a) vw=36mm/min 

 

(b) vw=6mm/min 

 

Fig.7.The normal and tangential force signal of 1# grinding wheel with various vw 



 

 

  
(a)Normal grinding force               (b) Tangential grinding force 

Fig.8. Influence of feed speed on amplitude of grinding force  

As shown in Fig.9, the normal and tangential force signal of 1# SGW-MAS with 

various grinding depth indicated that the grinding force for SGW-MAS obtained with 

ap=35μm is obviously larger than that of ap=10μm.Fig.10 shows the schematic diagram 

of amplitude variation of normal and tangential grinding force for 1#, 2#, 5# and 6# at 

rotating speed n=25000 rpm, vw=12 mm/min and depth ap=10μm~40μm, respectively. 

It can be seen that the normal grinding force of the 1# SGW-MAS reaches a maximum 

value of 10.6N when the grinding depth reaches 35μm, the normal grinding force of the 

2# SGW-MAS reaches a maximum value of 10.4N when the grinding depth reaches 

35μm. At the same time, grinding force of the 1# SGW-MAS is overall larger than that 

of the 2# SGW-MAS. The tangential grinding force of 1# SGW-MAS reaches the 

maximum value of 10.8N when the grinding depth reaches 35μm, the normal grinding 

force of 2# SGW-MAS reaches the maximum of 9.2N when grinding depth reaches 

40μm. The normal and tangential grinding force for titanium alloy TC4 machined by 

SGW-MAS is increased with the increase of grinding depth. This is mainly due to the 

increase of the cutting depth directly leads to an increase in the contact area between the 

grinding wheel and the workpiece during the grinding process. At the same feed speed 

and wheel speed, a larger contact area means that more material needs to be removed, 

so the grinding force will increase accordingly; with the increase of the cutting depth, 



 

 

the depth of the tool in the workpiece is also increases, which leads to an increase in 

resistance during the cutting process, cutting resistance mainly comes from the shear 

strength and hardness of the workpiece material, as well as friction between the grinding 

wheel and the workpiece. The greater the depth of cut results in larger resistance and 

grinding force. Based on the analysis above, it can be concluded that when the abrasive 

grains are larger, the average tangential and normal forces for deeper grooved SGW-

MAS respectively are 10.64N and 9.47N, which are higher than those of shallower 

grooved SGW-MAS with tangential and normal grinding forces of 9.14N and 8.28N. As 

for smaller abrasives, the average tangential and normal forces for deeper grooved 

SGW-MAS (2.31N and 1.72N) are smaller than than of shallower grooved SGW-MAS 

(2.38N and 2.01N).  

 

(a) ap=35μm 

 

 

(b) ap=10μm 

Fig.9.The normal and tangential force signal of 1# grinding wheel with various ap 

  



 

 

 

(a)Normal grinding force               (b) Tangential grinding force 

Fig.10.Influence of depth on amplitude of grinding force  

4.3 Surface topography for TC4 machined by SGW-MAS  

4.3.1 The comparison of surface topography machined by SGW-MAS and ordinary 

grinding tool 

The surface topography after machining has a significant impact on usability 

performance of parts and components directly affecting the friction coefficient, wear 

resistance, fatigue life and fracture resistance[43-46].In order to explore the surface 

characteristics of titanium alloy TC4 workpiece machined by SGW-MAS, the 

structured grinding tool with the abrasive grain size of 500 mesh and the ordinary 

grinding tool with the abrasive grain size of 500 mesh are adopted. The comparison of 

the surface characteristics of the titanium alloy TC4 workpiece machined with various 

feeding speeds is analyzed as displayed in Fig.11, it can be seen that at the feed speed 

vw=6mm/min, both the surfaces of titanium alloy TC4 workpiece machined by SGW-

MAS and ordinary grinding tool have appeared scratches, tears, adhesion accumulation 

and coating phenomenon. But the coating phenomenon of titanium alloy TC4 

workpiece machined by SGW-MAS is smaller than that of ordinary grinding tool. 

Compared with ordinary grinding tool, when feed speed vw is increased to 36mm/min, 



 

 

the severity of coating phenomenon of titanium alloy TC4 workpiece surface obtained 

by SGW-MAS is increased.The reasons why the surface quality machined by structured 

grinding tool is better than that of ordinary grinding tool are as follows: ordinary 

grinding tool is prone to accumulate heat and debris during the grinding process, and 

as the heat and debris stay inside the abrasives for a long time, they are not easy to be 

discharged from grinding tool, which increases the chances of thermal deformation of 

the surface of the workpiece as well as surface coating by chips. The structured grinding 

tool helps to discharge the heat and chips generated during the grinding process, which 

reduces the risk of thermal deformation and burns on the surface of the workpiece. At 

the same time, the spiral grooves on the SGW-MAS can make the abrasive particles 

more evenly distributed during the grinding process, thus reducing the scratches and 

coating on the surface of titanium alloy TC4 workpiece . 

 

(a) vw=6mm/min 



 

 

 

(b) vw=18mm/min 

 

(c) vw=36mm/min 

Fig.11. The comparison of the surface characteristics of the titanium alloy TC4 workpiece 

machined with structured and ordinary grinding tool 

4.3.2 The effects of grinding force on surface topography machined by SGW-MAS 

The magnitude of the grinding force directly influences the interaction between 

the grinding wheel and the workpiece during the grinding process, thereby affecting the 



 

 

roughness of the machined surface[47-48]. Changes in the grinding force also impact the 

wear state of the grinding wheel and the distribution of abrasive grains, which indirectly 

affects the surface roughness. When the grinding force is moderate, the grinding wheel 

can maintain a stable wear state and a uniform distribution of abrasive grains, which 

helps to achieve better surface quality. The size and direction of the grinding force 

determine the primary mechanism of material removal; larger grinding forces are 

usually accompanied by higher cutting temperatures, which may cause thermal damage 

to the workpiece surface, such as burning or oxidation, thereby reducing surface 

integrity. 

In order to investigate effects of grinding force on surface microtopography of  

TC4 workpiece machined by SGW-MAS, the structured grinding tool with large and 

small grain sizes are adopted, respectively. The comparison of surface topography of 

TC4 workpiece obtained with various grinding forces are presented in Figs.13 and 14. 

As shown in Fig.12, it can be seen that the surface topography of TC4 workpiece  

machined by SGW-MAS with 300 meshes is characterized with scratches, tears and 

abrasive chip adhesion. As grinding force increases, the scratches, grooves, and fish 

scale-like coating phenomena on the ground surface intensify. This is because larger 

grinding forces cause more intense interactions between the abrasive particles on the 

grinding wheel and workpiece, resulting in more scratches and grooves. Additionally, 

as the grinding force increases, the heat generated during the grinding process also rises. 

If this heat cannot be dissipated by the coolant in time, it will lead to fish scale-like 

coating textures on the surface of the workpiece.  



 

 

 

Fig.12.Influence of average grinding force on surface quality machined by SGW-MAS with 

large grain sizes (a) F=13.6N;(b) F=15.2N;(c) F=17.1N 

The surface topography of TC4 workpiece machined by SGW-MAS with 500 

meshes is presented in Fig.13, the severity of scratches, tears and coating is decreased 

compared with surfaces machined by SGW-MAS with 300 meshes.This occurs because 

of the abrasive grains on the SGW-MAS with 300 meshes is relatively coarse and has 

strong cutting effect, which easily leads to plastic deformation or micro-cracks on the 

surface of the workpiece, while the coarse abrasive grains of the crushing speed is fast, 



 

 

reducing the efficiency of the grinding. In contrast, the cutting effect of the fine abrasive 

grains of SGW-MAS with 500 meshes is weaker, the surface material of the workpiece 

is removed more evenly, the generation of plastic deformation and micro-cracks is 

reduced, the number of repeated processing is reduced, and the processing efficiency is 

improved. 

The surface topography of TC4 workpiece machined by SGW-MAS deteriorates 

with the increase of the grinding force are as follows: with the increase of the grinding 

force , the friction and extrusion between the abrasive particles and the workpiece are 

intensified, resulting in more scratches and plastic deformation on the workpiece 

surface, which significantly deteriorates the surface quality; The increase in grinding 

force also leads to an increase in the amount of heat generated during the grinding 

process, and the grinding temperature increases, and the excessively high grinding 

temperature will cause the surface of the workpiece to undergo thermal deformation, 

and even produce burns. With the increase in grinding force , the wear rate of abrasive 

grains of SGW-MAS will also be accelerated. Worn abrasive grains in the cutting 

process can not effectively remove material on surface of TC4 workpiece, but will 

produce more scratches and burrs on the surface of the workpiece, which also reduces 

the surface topography of grinding. 



 

 

 

Fig.13..Influence of average grinding force on surface quality machined by SGW-MAS with 

small grain sizes (a)F=1.4N;(b) F=2 N;(c) F=3.1N 

4.4 Relationship of force and surface quality for TC4 machined by SGW-MAS  

The surface profile and surface roughness of titanium alloy TC4 obtained by 

SGW-MAS and ordinary grinding tools with rotating speed n=25000rpm, depth of cut 

ap=40μm and feed rate vw=20mm/min are investigated as shown in Fig.14. For 

structured grinding wheels, the difference in the cross-sectional profiles of titanium 

alloy TC4 surfaces parallel and perpendicular to the grinding wheel's feed direction is 



 

 

significant, however, for ordinary grinding tools, this attribute is not as pronounced. 

When parallel to the grinding wheel's feed direction, the grinding marks are shallower 

and more uniformly distributed, resulting in a relatively lower surface roughness and 

finer surface texture. This is because the rotation of the grinding wheel aligns with the 

feed direction, leading to more uniform grinding forces. When perpendicular to the 

grinding wheel's feed direction, the grinding marks are deeper and less uniformly 

distributed due to the rotation of the grinding wheel being perpendicular to the feed 

direction, causing non-uniform grinding forces. As for TC4 workpiece machined by 

ordinary grinding tools, the surface profiles parallel and perpendicular to the grinding 

wheel's feed direction both exhibit significant fluctuations, this is due to the difficulty 

of abrasive debris discharging results in intensified friction and extrusion in the 

grinding area and appears fish-scale-like coating, so the surface profiles pronounced 

contour undulations. Moreover, the average surface roughness Ra of TC4 workpiece 

machined by 5# SGW-MAS, 6# SGW-MAS and ordinary grinding tool respectively are 

1.85μm, 1.42μm and 2.36μm. Since the groove depth of 6# SGW-MAS is greater than 

that of 5# SGW-MAS, which makes it more helpful to discharge the heat and debris 

generated during the grinding process, so the occurrences of grinding debris cold 

welding and coating have been successfully mitigated, and the lower the surface 

roughness of TC4 workpiece can be obtained. The relationship of surface roughness 

parameters and grinding force machined by SGW-MAS are shown in Fig.15, which 

indicates that the grinding force and surface roughness are positively correlated. 



 

 

 

(a) Surface profile of workpiece ground by 5# SGW-MAS  

 

(b) Surface profile of workpiece ground by 6# SGW-MAS 

 

(c) Surface profile of workpiece ground by ordinary grinding tool 

Fig.14.. The workpiece surface profile when grinding with different grinding tools 



 

 

 

(a) Ra                                       (b) Rz 

Fig.15. The relationship of surface roughness parameters and average grinding force of TC4 

workpiece machined by SGW-MAS 

4.5 Comparison of experimental and predicted grinding forces for TC4 machined by 

SGW-MAS 

The comparison of simulation and experiment grinding forces of TC4 machined 

by SGW-MAS and ordinary grinding tool is displayed in Fig.16, where experimental 

conditions are the rotational speed of n=25000 rpm, feed speed of vw= 40 mm/min, and 

the cutting depth of ap=20 μm.From the comparative analysis, it can be seen that actual 

data obtained from the experiment and the simulation results are consistent with the 

trend of change. 6# grinding tool due to the existence of a regular array structure of 

grinding force signal change floating compared to the larger, showing a periodic 

fluctuation. For 6# structured grinding tool, the amplitude of normal grinding force 

obtained from the experiment is 2.6N, and the amplitude of normal grinding force 

obtained from the simulation result is 2.968N, with an error of 14.15%; the amplitude 

of tangential grinding force obtained from the experiment is 3.2N, and the amplitude of 

tangential grinding force obtained from the simulation result is 2.926N, with an error 

of 8%. For ordinary grinding tools, under this condition, the amplitude of normal 

grinding force obtained from the experiment is 10.7N, and the amplitude of normal 



 

 

grinding force obtained from the simulation result is 11.64N, with an error of 8.79%; 

the amplitude of tangential grinding force obtained from the experiment is 5.7N, and 

the amplitude of tangential grinding force obtained from the simulation result is 5.591N, 

with an error of 1.912%. The error between the actual results and the simulation results 

is within 20%, which can better respond to the validity of the experimental results. 

Additionally, Fig.17 shows statistical results of the change of the simulation data and 

experimental data with the depth for the normal force grinding amplitude and tangential 

force grinding amplitude of structured grinding tool, and the comparison of simulated 

and experimental results show that the maximum error in the amplitude of the tangential 

grinding force is 18.14%, and the maximum error in the amplitude of the normal 

grinding force is 18.0%. The mean error value of the tangential grinding force is 11.68%, 

and the mean error value of the normal grinding force is 8.5%. The grinding force model 

can relatively accurately reflect the actual changes. 

 
(a)                                       (b) 



 

 

 
                 (c)                                   (d) 

Fig.16.. Comparison of grinding forces between simulation and experiment (a) normal force comparison 

of 6# SGW-MAS; (b) normal force comparison of ordinary grinding tool; (c) tangential force of comparison 

6# SGW-MAS; (d) tangential force comparison of ordinary grinding tool 

  

(a) (b) 

Fig.17. Statistical comparison between simulation data and experimental data of structured 

grinding tool (a) the comparison of normal force data; (b) the comparison of tangential force data 

Conclusion 

The present study attempted to investigate the grinding force model of titanium alloy 

Ti-6Al-4V machined by structured grinding tools, and the mapping relationship of 

structured parameters of grinding tool, processing parameters, surface morphology, 

surface roughness and grinding force in dry grinding process are disclosed . The 

following conclusions could be drawn from the study: 



 

 

(1) The grinding force model considering the instantaneous state of abrasive grains, 

critical chip thickness, and structured tool parameters involved in grinding titanium 

alloys has been established and experimentally validated.The comparison of simulated 

and experimental results indicated that the mean error value of the tangential grinding 

force is 11.68%, and the mean error value of the normal grinding force is 8.5%, which 

can relatively accurately reflect the actual changes in grinding forces. 

(2) The comparative analysis of the grinding forces in dry grinding of titanium 

alloy TC4 using structured grinding tools with different groove depths and abrasive 

grain sizes versus conventional grinding tools indicates that the depth of helical grooves 

significantly affects the dry grinding force on titanium alloys for coarse abrasive grains, 

however, for fine abrasives, the influence of the helical groove depth is minimal. 

Similarly, the mean values of tangential and normal grinding forces for structured 

grinding tools with larger abrasive grains are lower than those with smaller grains. 

Additionally, the mean values of tangential and normal grinding forces for structured 

grinding tools are lower than those for grinding tools, which demonstrates that 

structured grinding tools with regular array can effectively reduce the grinding forces 

compared to conventional grinding tools during the dry grinding of titanium alloy TC4. 

(3) The spiral grooves on the surface of structured grinding tool significantly 

reduces the fish-scale coating phenomenon on the dry grinding surface of titanium 

alloys compared to conventional grinding tools. 

(4) For structured grinding tools, the difference in the cross-sectional profiles of 

titanium alloy TC4 surfaces parallel and perpendicular to the grinding wheel's feed 



 

 

direction is significant, however, for ordinary grinding tools, this attribute is not as 

pronounced.  
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