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ABSTRACT 
 

Grinding of hardened steels for the realisation of better surface quality of the workpiece is an essentiality 

of high productivity environments. The surface grinding of high carbon high chromium steels like AISI D3 

with a production level grinding wheel used in the industry is the driver of the present research article. The 

experimentation is done in dry as well as pool cooling conditions to ascertain the better of the two 

conditions in providing a better set of cutting forces and surface finish. A mathematical model for 

evaluating the forces generated during grinding is evolved and on comparison of the results obtained from 

the model with the ones from experimentation is found to be correlating. The usage of production level 

vitrified grinding wheel has shown good results in terms of lower forces generated and good surface finish 

during surface grinding. The results are optimised and the set of inputs which yield good surface finish and 

low forces are given. Dry grinding of AISI D13 yields good surface finish than wet grinding. Surface finish 

of 0.14 microns is achievable using dry grinding. 
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1.INTRODUCTION 

 
Grinding is a complex abrasive cutting process where machining happens with geometrically 

unspecified cutting edges[1]. Grinding interface involves material removal by contact, between 

the grinding wheel and a random structured surface of the work piece. Surface quality is the main 

criterion in surface grinding and is influenced by various parameters like workpiece parameters, 

wheel parameters and process parameters[2]. Out of the aforementioned parameters to achieve 

better surface finish process parameters like wheel speed, depth of cut, table speed and dressing 

condition can be determined by a set of experiments. RSM can conveniently optimise the process 

parameters by using a lesser number of experimental runs.  

 

Dhavlikar et al.[3]presented the Taguchi and response method to determine the robust condition 

for minimization of out of roundness error of workpieces for the centerless grinding process. 

Shaji and Radhakrishnan[2]elaborated the use of simultaneous optimisation of multiple quality 

characteristics which is the need in case of machining. Taguchi method considers the 

optimization of a single parameter at a time. Alauddin et.al.[4]have used RSM to predict tool life 

in end milling process. The optimum cutting conditions were determined for a required tool life 

by a second-order prediction model. Suresh et al.[5]used RSM and genetic algorithm(GA) for 

predicting the surface roughness and optimizing process parameters while machining mild steel 

using CNMG tools on a lathe.Koshy etal.[6]tested face milling of AISID2 at 58HRC with cBN 
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tools and found acceptable tool life together with excellent surface finish in the range of 0.1 to 0.2 

µm in Ra. However, the tools failed by fracture of the cutting edge and the authors compared the 

results with AISI H13 steel at a hardness of 52 HRC and detailed PCBN tool performance on the 

workpieces with a 40 cm3 material removal. Braghini and Coelho[7]tested cBN tools to face mill 

AISI D6 steel at 58HRC, removing 15cm
3
 of material with 300 µm of tool wear. Surface 

finish(Ra) was observed to be 0.2 and 0.3µm. Nevertheless, graphs reveal scattered points that 

prevent strong conclusions to be made about surface quality and productivity. Vila et al.[17] 

worked on given an economical solution for machining flat surfaces and concluded that face 

milling with chamfered edge preparation in coated tungsten carbide tools is better than surface 

grinding in terms of product quality and economics.M jafar Hadad and M Hadi, 2013[21] stressed 

on the need to use MQL in grinding but found that the effect of MQL on grinding is minimal and 

suggested the usage of vegetable oil as coolant to have a good surface finish when compared to 

ester mixed coolant.  

 

A wide range of tool steels are employed to produce machined moulds and dies [8-11]. In forging 

and die casting, the choice is generally hot work tool steels (AISI Group Hseries) which can 

withstand the relatively high working temperatures involved, typically 315–650
o
C. These include 

chromium-based (e.g. AISI H13) and tungsten-based (e.g.AISI H21) compositions. Some alloy 

steels are also utilised. Forging dies are mainly employed at a hardness of 45–56HRC, while 

plastics moulds for thermoplastics and thermosets are typically made from cold work tool steels 

including AISI P20, AISI P6, AISI O1 (oil hardening) and AISI S7(shock resisting). Tool steels 

conforming to AISI Group Dare widely used in the manufacture of blanking and coldformingdies 

and in-service hardness for such steels is in the range 58–62 HRC [6]. 

 

The aspect of surface grinding of high carbon high chromium steels (AISI D3) that are used in 

various applications with a requirement of good surface finish in dies and moulds with production 

level grinding wheels used by the industry is the driver in selecting the material and wheel 

combination. The realisation of good surface finish with a grinding wheel mostly used in the 

industry for higher material removal and surface finish is the research interest of the present 

paper. The grinding wheel (32A46-54J8VBE) mentioned, is a combinational wheel used in the 

industry for enhancing the material removal rate as well as realisation of good surface finish 

possesses an equal(50-50) weight percentage mix of 46 and 54 grit size grains. The selection of 

the grinding wheel is done according to the economic and availability criterion[1, 12, 15]. 

 

AISI D3 steel is used in manufacturing slitting cutters, plug gauges, lathe centers, drawing dies 

for bars and wire, burnishing rolls, bending, forming and seaming rolls, blanking, cold forming, 

stamping and lamination dies being some of the applications. Manufacture of dies and moulds 

with a good tolerance and better surface finish are chosen as the application requirement for the 

selection of the material with low wear, high hardness and heat resistivity. The use of 

experimentation for determining the factors that influence the process of grinding has been the 

usual practice in the industry. Instead of performing the experimentation the utilisation of 

physical models for evaluating the influencing factors is helpful for the industry personnel in 

guiding them to select the type of equipment for the process to be performed. This has propelled 

research[1,17,20,22,23] in the direction of modelling of forces and surface roughness being the 

primary outputs to be optimised for enhancement of productivity. Modelling of forces generated 

during grinding without performing experimentation is one of the primary concerns addressed 

and compared with experimentation by the present work. 

 

2. MATHEMATICAL MODELLING OF FORCES 

 
Grinding is characterised by multiple cutting edges with large negative rake angles with small 

volume of chip removal. The cutting grain shape as given byM.C. Shaw[12] is taken as spherical 
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and the depth of engagement with respect to the grit diameter is very small. Fig. 1 illustrates how 

the interaction of a grain in a grinding wheel with the workpiece will be, irrespective of the type 

of grinding process (cylindrical or surface). The grain area in contact with the workpiece can be 

approximated to the shape of a circular grain being cut off by a chord. The maximum distance of 

the chord or the depth of cut(d) from the outer surface of the grain which indents the workpiece is 

the maximum chip thickness that can be attained during grinding. 

  

Area A shown in fig. 1 can be found out from[24] as  

 

� = 1 2
 ��
 ∗ �� − �����      (1) 

 

Substituting area A as given by equation (1), θ as the angle subtended and length of chord as 

 

� = ����� � 2
         (2) 

 

into indentation force (F) to be acting on the grain, the following equations for normal(fni) and 

tangential(fti) forces coming on to each grit can be formulated as  

 

��� = ��
�� ∗ ��� ∗ � ∗ � ��!
 �� − ����� − " ∗ ���
 #!
$ �� − �����%  (3) 

�&� = ��
�� ∗ ��� ∗ � ∗ ����
 #!
$ �� − ����� + " ∗  ��!


 �� − �����%  (4) 

 

The value of coefficient of friction becomes significant when the depth of cut is less than 0.05 

times the average diameter of the grains in the grinding wheel [25]. Thus by neglecting the 

frictional effect the force equations 3 and 4 transform into 

 

��� = ��
()� ∗ ��� ∗ � ∗ �*       (5) 

�&� = ��
()� ∗ ��� ∗ � ∗ �* ∗ +sin�� 2⁄ � cos�� 2⁄ �⁄ 2    (6) 

 

As given by [23].  

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1. Grain approximation   Chen and Rowe (1996)[22], Spiegel(1999)[24]. 

 

These above said relations can be solved by knowing the type of grain used in the grinding wheel, 

that will yield the grain radius value (rg), the used depth of cut(d) and the hardness(H) of the 

workpiece material being the inputs to the equations the forces being generated during the 

process. These relations from the industrial point-of-view are user friendly when assessing the 

probable forces attained during grinding with a specific wheel and workpiece combination. 
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3.EXPERIMENTAL SETUP 

 
The experiments are carried out on a Craftsman SG 3060 “Precicraft”horizontal surface grinding 

machine with a horizontal spindle(with a 5HP motor) and having a hydraulic motor to run the 

worktable. The machine has a magnetic chuck on which a Kistler 9257B,a 3-component quartz 

dynamometer is loaded with a vice to hold the workpiece as shown in Fig. 2, is used to find the 

forces being generated during machining and the signal is amplified by a charge amplifier(Kistler 

5070A) and are recorded online. The grinding wheel used is of 350x50x127 (DxWxH) size and is 

having the specification of 32A46-54J8VBE which is a production level grinding wheel as shown 

in Fig. 3. This type of wheel is used for enhancing the material removal rate and to obtain a good 

surface quality. Mineral oil as coolant mixed in the ratio of 1:20 for cooling and lubrication of the 

ground surface is used in the wet condition. 

 

AISI D3 tool steel is chosen as the workpiece and is hardened to 60 HRC by oil quenching from 

980
o
C and tempered at 200

o
 C. It is machined engaging the full grinding wheel width and taking 

five passes. Table 1 shows the chemical composition of AISI D3 workpiece used in the 

experimentation. 

 
Table 1. Chemical composition(weight %) of AISI D3 steel. 

 

C Si Mn P S Cr Ni Mo Al Cu Zn Fe 

2.06 0.55 0.449 0.036 0.056 11.09 0.277 0.207 0.0034 0.13 0.27 85 

 

 
Figure 2. Experimental Setup. 

 
Figure 3. Grinding wheel used for 

experimentation(Norton Grindwell wheel) 

 

Response Surface Methodology(RSM) is used to optimize the number of experiments. The 

process parameters selected to be analysed are feed, depth of cut and dressing depth with the rpm 

of the wheel held constant at 1450. The experiments are carried out in dry as well as wet 

environments by varying the parameters according to the number of experiments generated in 

RSM based CCD(Central Composite Design)using Minitab 16.The experiments are conducted as 

per design matrix generated for three levels and three parameters as shown in Table 2. The 

dressing of the wheel is done using a diamond dresser at the set depth for two passes with one 

spark out. 

 

The outputs measured online during the experimentation are the forces and surface roughness. 

Forces are found using Kistler 9257B piezoelectric dynamometer during machining for five 

passes where the workpiece is engaged by the full grinding wheel width. After each experiment, 

the surface finish of the ground part is measured using a Mitutoyo Surftest SJ210 as shown in Fig. 

4.Three readings are taken to confirm the roughness. Confirmatory tests are carried out to verify 

the force values obtained during grinding. 

Grinding Wheel

Vice

Kistler9257B Dynamometer

Coolant nozzle

Workpiece
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Figure 4.Mitutoyo Surftest SJ210 

 

Table 2. Factors and levels chosen for grinding process 

 

The levels for the factors are chosen after conducting trial experiments. The depth of cut and 

dressing depth are limited to 20 microns, beyond which the wheel showed a tendency of higher 

wear and possible breakage .The feed rate is chosen in equal intervals upto 25 m/min which is the 

maximum that can be attained by the machine. 

 

4.RESULTS AND DISCUSSION 

 
The focus of the present study is to evaluate the relative effect of the selected factors/parameters 

on the forces generated and the surface finish obtained during grinding of AISI D3 steel using a 

production level grinding wheel. Two modes of grinding(dry and wet) are performed and 

evaluated to assess the better of the two with the environmental impact in mind. The experimental 

results obtained are compared with the values computed from the model and equations governing 

the forces and surface roughness in grinding the workpiece are developed. 

 

4.1 Dry Grinding 

 
Dry grinding is performed on the workpiece(AISI D3 steel) to analyse the forces generated and 

the surface finish attained using the production level grinding wheel. The regression analysis of 

the data generated from experimentation yielded the equations for tangential force, normal force 

and surface roughness as 

 

34 = 38.054 + 8.451 × 3<<= + 1.712 × ?<@Aℎ	D�	EFA + 2.862 × ?�<����H	=<@Aℎ + 7.137
× �?<@Aℎ	D�	EFA�
 − 8.623 × �?�<����H	=<@Aℎ�
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Table 3.ANOVA table for tangential force data in dry grinding. 

 

 
 

Normal force equation developed for dry grinding is 

 

3I = 205.323 + 3.78 × 3<<= + 32.53 × ?<@Aℎ	D�	EFA + 5.1 × ?�<����H	=<@Aℎ − 61.83
× �3<<=�
 + 31.32 × �?<@Aℎ	D�	EFA�
 

 
Table 4. ANOVA table for normal force during dry grinding 

 

 
 

Surface roughness equation developed for dry grinding is given below 

 

JK = 0.3642 + 0.047 × 3<<= + 0.027 × ?<@Aℎ	D�	EFA + 0.023 × ?�<����H	=<@Aℎ − 0.089
× �3<<=�
 − 0.079 × �?<@Aℎ	D�	EFA�
 + 0.092 × �?�<����H	=<@Aℎ�
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Table 5. ANOVA table for surface roughness generated during surface grinding in dry mode 

 

 
 

4.1.1 Surface Plots 

 
Surface plots show the optimal response points obtained with different process parameters.  
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The increase in tangential force value with an increase in feed rate and depth of cut is attributed to 

the enhancement of material removal rate. The dressing depth is found to be less influencing than 

feed rate and depth of cut. The normal force is seen as being influenced by feed rate and depth of 

cut more and the higher feed rate of 25 m/min and lower depth of cut of 8 microns as can be seen 

from Fig. 6 are found to be showing minimal normal force. Even with depth of cut enhancement 

to the 14 micron level the variation in the normal force being exerted on the workpiece is found to 

have minimal variation as the grains of the wheel attain the cutting capability. Further 

enhancement in the depth of cut shows an increase in the normal force this is due to the increase 

in the amount of material being cut. 

 

Surface roughness plots gives an interesting observation where in with an increase in feed rate, 

the roughness value goes up and at higher feed rate the value of roughness comes down and the 

same happens with an increase in depth of cut this phenomenon is because of the smaller grains 

of the wheel attain cutting capability, with it the surface roughness is also improved. This 

decrease in roughness is not evident in wheels using single grit grains. The dressing depth has an 

inverse of the trend discussed prior as the dressing depth is at 20 microns the smaller grains also 

break and create more marks on the surface with it the roughness is enhanced. The 14 micron 
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dressing depth shows promising results where the roughness obtained is better than other two 

dressing depths as the smaller sized grains present in the wheel also participate in the cutting. 

 

4.2 Wet Grinding 

 
Wet grinding is performed on the workpiece(AISI D3 steel) to study the forces and the surface 

finish achieved using the production level grinding wheel when a coolant is applied. The 

regression analysis of the data generated from experimentation yielded the following equations 

for tangential force, normal force and surface roughness. 

 

34 = 40.91 + 7.94 ∗ �<<= + 1.431 ∗ ?MN + 3.03 ∗ =�<��	=<@Aℎ − 13.05 ∗ �=�<��	=<@Aℎ�

+ 6.57 ∗ �<<= ∗ ?MN 

 
Table 6. ANOVA table for tangential force data acquired during wet grinding. 

 

 
 

Normal force equation developed for surface grinding in wet condition is given below 

 

3I = 357.53 + 14.48 × �<<= + 74.42 × =<@Aℎ	D�	EFA + 14.86 × =�<����H	=<@Aℎ − 71.95
× �=<@Aℎ	D�	EFA�
 − 74.05 × �=�<����H	=<@Aℎ�
 

 
Table 7. ANOVA table for normal force data acquired during wet grinding 
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Surface roughness obtained by experimentation on AISI D3 tool steel is formulated by the 

following equation and the table 8 shows the ANOVA table with the significant and insignificant 

variables. 

 

JK = 0.641 + 0.06 × �<<= − 0.042 × =<@Aℎ	D�	EFA + 0.002 × =�<��	=<@Aℎ
− 0.11�=<@Aℎ	D�	EFA�
 + 0.09 × �<<= × =<@Aℎ	D�	EFA − 0.06 × �<<=
× =�<��	=<@Aℎ + 0.05 × =<@Aℎ	D�	EFA × =�<��	=<@Aℎ 

 
Table 8 - ANOVA table for surface roughness during wet grinding of the workpiece 

 

 
 

4.2.1 Surface Plots 

 
The surface plots obtained during wet grinding are given below. They illustrate the various 

variations of tangential, normal forces and surface roughness with the variations in process 

parameters. 
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The tangential force and normal force generated during surface grinding in wet condition shows a 

considerable change when depth of cut and dressing depth is enhanced. The forces show less 

variation when feed rate is changed from low to high.  

 

 
 

The lower values of forces observed in the figures shown above are due to the fact that the wheel 

is a combinational wheel and the cutting capability is observed to be enhanced as the depth of cut 

is increased due to the increase in the number of cutting edges being exposed to the workpiece.  

Finer dressing depth of 8 microns produces denser cutting edges on the grains; these edges are not 

sufficient to penetrate into the work material causing high normal forces and hence rubbing and 

ploughing components will be higher at this dressing depth. As a result of high friction and 

increased amount of plastic deformation the tangential force is also higher[1,12]. With coarse 

dressing depth of 20 microns the grits are damaged severely and the wheel has good number of 

cutting edges to penetrate the workpiece giving lower force components [13,14]. 

 

The higher normal force component at mediocre(14 microns) dressing depth is due to loading of 

the wheel and the fact that the finer grains are damaged very lightly and expose bigger grain 
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lands. The decline in the force components at higher dress depth of 20 microns is due to the fact 

that the smaller grains are broken, and large numbers of edges are available to cut the workpiece.  

The enhancement in surface roughness at higher dressing depths in the wet condition is due to the 

presence of coolant and the effective disposal of chips and heat with lower amount of breakage of 

grits. At finer dressing depth the bigger grains are not effected exposing bigger grain lands and 

the finer grains which have cutting capability perform majority of material removal hence the 

tangential and the normal forces recorded are lower. The enhancement in the dressing depth 

allows the lower sized grains also be exposed more and the bigger grains are ruptured reducing 

the grain lands and hence the forces generated are enhanced at mediocre dressing depths. Further 

increase in the dressing depth to 20 microns, will expose more of the smaller grains and hence the 

forces(tangential and normal) are brought down. This scenario of reduction of forces at higher 

dressing depths is not found when single grit wheels used in grinding. 

 

The surface finish obtained is dependent on the depth of cut as well as dressing depth whose 

enhancement shows a decrement in the roughness which is also the case in wet grinding where 

the finish tends to proceed improve as depth of cut and dressing depth increase.  

 

Surface roughness is reduced with an increase in depth of cut as the smaller size grains come into 

action and improve the surface finish. 

 

The equations modelled yield the values of forces generated during grinding, and the values 

obtained during grinding of AISI D3 steel correlate with the ones obtained from modelling. This 

shows that the modelling can be utilised for finding the forces generated during surface grinding 

of tool steels. 

 

5. OPTIMISATION 

 
The response optimisation of the responses evaluated for the chosen set of parameters gives the 

following graphs for dry and wet grinding. 

  

 
 

The optimised values of tangential, normal forces and surface roughness when all the responses 

are minimised simultaneously are found to be at low feed, low depth of cut and low dressing 
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depth for dry grinding. The optimal response for wet grinding is obtained at low feed, high depth 

of cut and low dressing depth. The desirability of the functions for dry and wet grinding are at 

80% and 72% respectively.  

 

5. CONCLUSIONS 

 
The present study analyses the effect of various process parameters on the quality of the 

workpiece obtained by grinding using a production type grinding wheel. RSM has been applied to 

find out the relative effect of parameters like feed, depth of cut and dressing depth on surface 

roughness and the forces generated by their relative changes. The results obtained during 

machining in dry and wet conditions have been compared with the modelling and discussed. 

The tangential forces generated during grinding are less than the ones expected with single grit 

sized wheels. The tangential forces generated are not higher than 45 N recorded during grinding 

with a production typegrinding wheel, this is way low than the forces that might be generated 

when a single grit wheel is used. The forces will affect the power consumption to grind. 

 

The usage of production typegrinding wheel is suggested to achieve good surface roughness in 

tune with the one required by the die and mould industry (about 2 microns) and also the forces 

generated are lesser which are suggestive of lesser surface damage. The cost of the combinational 

wheel is less when compared to the conventional wheel of a smaller grit size. The comparison of 

smaller grit is done keeping in mind the surface roughness factor but the tangential force 

generated by the smaller grit sized wheel will be more when compared to the 

combinational(production) wheel. 

 

The surface finish obtained in the dry grinding of AISI D3 is better when compared to that of wet 

grinding. The normal forces generated when coolant is used are high when compared to that of 

the dry grinding mode. Dry grinding of tool steel of this variety is suggested using production 

type grinding wheel. 

 

The production type grinding wheel can be used to grind AISI D3 workpiece having hardness of 

HRC 60 for achieving surface roughness ranging from 0.14 to 0.45 in dry grinding and 0.26 to 0.8 

in wet grinding using a coolant having a concentration of 1:20 mineral oil to water. 

 

The best surface finish is obtained at low feed, high depth of cut and low dressing depth in wet 

and at low feed, low depth of cut and low dressing depth in dry condition. The least normal force 

is found at high feed, low depth of cut and low dress depth. The least tangential force is at low 

feed, high depth of cut and low dressing depth. 

 

The surface finish is good when having high depth of cut and high dressing depth using the 

production type grinding wheels which will not be the case with conventional grinding wheels. 

The process parameters are optimised to yield the right cutting parameters and are correlated by 

conducting the experiments at the above said values. 
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