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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.[S]Jused 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 SSHRC 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
um 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 cm® material removal. Braghini and Coelho[7]tested cBN tools to face mill
AISI D6 steel at 5S8HRC, removing 15cm’ of material with 300 pm of tool wear. Surface
finish(Ra) was observed to be 0.2 and 0.3um. 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°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 Ol (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
A=1/,12%(0 - sind) (1)
Substituting area A as given by equation (1), 0 as the angle subtended and length of chord as
b =rsin9/, )

into indentation force (F) to be acting on the grain, the following equations for normal(f,;) and
tangential(f;) forces coming on to each grit can be formulated as

fri = Z—Z *15% % H [Size (6 — sinf) — u = sin? (g) CE sinH)] 3)
fui = 52 7y% + H x [sin? (3) (8 = sin) + p x 27 (8 = sinf) | )

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

fai = ok 1y% % H 0% 5)
fei = 5 *7g® * H * 0%+ [sin(8/2) /cos(6/2)] ()

As given by [23].

I
A
v
A
A
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 (r,), 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 SHP 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°C and tempered at 200° 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 3. Grinding wheel used for
experimentation(Norton Grindwell wheel)

Figure 2. Expermental Setup.

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.
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Figure 4.Mitutoyo Surftest SJ210

Table 2. Factors and levels chosen for grinding process

Levels
Fact
actors 1 o ]
Feed speed (m/min) 5 15 25

Depth of Cut (mm) 0008 | 0014
Dressing Depth (mm) | 0.008 | 0.014 0.02

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

F, = 38.054 + 8.451 X Feed + 1.712 X Depth of cut + 2.862 X Dressing depth + 7.137
X (Depth of cut)? — 8.623 X (Dressing depth)?
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Table 3. ANOVA table for tangential force data in dry grinding.

Source DF | SeqSS | Adj 55 | AdjMS ‘.'::l:l_ue P Remarks
Regression 9 122527 | 122527 | 136.141 836 | 0001 Significant
Feed(m/min) 1 71419 [ 71419 | 714194 | 4387 |0 Significant
Depth of Cut{mm) 1 2931 2931 29.309 1.8 0.209 | Insignificant
Dressing Depth(mm} 1 81.91 8191 81.91 5.03 | 0.049 | Significant
Feed(m/min)*Feed(m/min}) 1 54.45 1595 15948 098 | 0346 | Insignificant

X
Depth of Cut(mm)*Depthof |, 4575 | 14007 |140.069 |86 |0015 | Significant
Cut({mm}
Dressing
Depth(mm)*Dressing 1 | 20445 |204.49 |204.488 |12.56 |0.005 | Significant
Depth(mm)
Feed(m/min)*Depth of 1 |154 154 |15401 |0955 |0354 | Insignificant
Cut{mm)
Feed(m/min)*Dressing qz - -
Depth(mm) 1 4131 41.31 41314 254 (0142 Insignificant
Depth of Cut{mm)*Dressing Coac o oac i R ..
Depth(mm) 1 3545 3545 35448 218 (0171 Insignificant
Besidual Error 10 162.78 | 162.78 | 16.278
Total 19 1388.05

Normal force equation developed for dry grinding is

F, = 205.323 + 3.78 X Feed + 32.53 X Depth of cut + 5.1 X Dressing depth — 61.83
x (Feed)? + 31.32 X (Depth of cut)?

Table 4. ANOVA table for normal force during dry grinding

Source DF Seq 55 | AdjSS | AdjMS F P Remarks

Regression 5 313943 | 313943 | 34883 7.8% | 0.002 | Significant
Feed(m/min) 1 1426 142.6 142.6 0.32 | 0.5383 | Insignificant
Depth of Cut{mm) 1 105846 | 105846 | 105846 23.94 | 0.001 | Significant
Dressing Depth(mm) 1 2585 259.5 259.5 0.59 | 0461 | Insignificant
Feed(m/min)*Feed(m/min) 1 13537.7 | 105143 | 105143 23.78 | 0.001 | Significant
Depth of Cut(mm)*Depth of 1 20132 | 2697 | 2697 6.1 |0.033| Significant
Cut(mm)

. - .
g’;;ﬁgﬁﬁfpﬂl(m) Dressing 1 617.4 | 6174 |617.4 1.4 | 0.265 | Insignificant
Feed(m/min)*Depth of Cut(mm) 1 15412 | 15412 | 15412 349 | 0.091 | Insignificant
Feed(m/min)*Dressing Depth(mm) | 1 18132 | 18132 | 18132 4.1 0.07 | Insignificant

= .

gzﬁ(‘gg;t(m) Dressing 1 7849 | 7849 | 7849 1.78 | 0212 | significant
Residual Error 10 44207 | 44207 | 4421
Total 15 358145

Surface roughness equation developed for dry grinding is given below

R, = 0.3642 + 0.047 X Feed + 0.027 X Depth of cut + 0.023 X Dressing depth — 0.089
x (Feed)? — 0.079 x (Depth of cut)? + 0.092 X (Dressing depth)?
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Table 5. ANOVA table for surface roughness generated during surface grinding in dry mode

Source DF| SeqSS [ AdjSSs | AdjMS | F P Remarks
Regression 9 | 0.105826 | 0.105826 | 0.011758 | 4.83 | 0.011 | Significant
Feed(m/min) 1 | 0.022468 | 0.022468 | 0.022468 | 9.22 | 0.013 | Significant
Depth of Cut(mm) 1 | 0.007728 | 0.007728 | 0.007728 | 3.17 | 0.105 | Insignificant
Dressing Depth(mm) 1 0.00557 | 0.00557 | 0.00557 26| 0.161 | Insignificant
Feed(m/min)*Feed(m/min) 1 | 0.034031 | 0.022208 | 0.022208 | 9.12 | 0.013 | Significant
Eemc’fcm(m)*mpﬂmf 1 | 0.00657 | 0.01754 | 0.01754 | 7.2 | 0.023 | Significant
ut(mm}

Dressing Depth(mm)*Dressing 1 | 0023345 | 0.023345 | 0.023345 | 9.59 | 0.011 | Significant
Depth{mm}

Feed(m/min)*Depth of Cut(mm) 1| 0.000325 | 0.000325 | 0.000325 | 0.13 | 0.722 | Insignificant
Feed(m/min)*Dressing Depth{mm) | 1 0.00316 | 0.00316 | 0.00316 | 1.3 | 0.281 | Insignificant
ngm of Cut(mm)*Dressing 1 | 0.002628 | 0.002628 | 0.002628 | 1.08 | 0.323 | Insignificant
epth{mm}

Residual Error 10 | 0.024355 | 0.024355 | 0.002436

Total 19 | 0.130181

4.1.1 Surface Plots

Surface plots show the optimal response points obtained with different process parameters.

Surface Plot of Fx{N) vs Depth of Cut(mm), Feed{m/mi

Surface Plot of Fx(N) vs Dressing Depth{mm), Feed{m/mi

5

Figure 3. Surface plots of tangential force during
dry grinding with various parameters.
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Surface Plot of Fz{N) vs Depth of Cut{mm), Feed(m/min) Surface Plot of Fz{N) vs Dressing Depth(mm), Feed(m/min)

Fasd(m/min}

Figure 6. Surface plots of nommal force dumng dry
grnnding with vanous parameters.

Surface Plot of Ra{microns) vs Dressing Depth{mm), Feed{m/min)

Mok Ve
Dapih of Culmwm] &

Feed[m!men)
Figure 7. Surface plots of Surface roughness dunng dry
grinding with various parameters

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.

E, = 40.91+ 7.94 * feed + 1.431 * DOC + 3.03 = dress depth — 13.05 * (dress depth)?
+ 6.57  feed * DOC

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

Source DF | 5eqS5 | AdjSS | AdjMS | F P Remarks
Regression 9 188394 | 188394 | 209.327 | 6.83 | 0.003 | Significant
Feed(m/min) 1 631.39 | 631.39 | 631.389| 20.59 | 0.001 | Significant
Depth of Cut(mm) 1 | 2048 |2048 | 20478 | 0.67 | 0.433 | Isignificant
Dressing Depth{mm) 1 9217 | 92.17 92.173 | 3.01 | 0.114 | Insignificant
Feed(m/min*Feed(m/min) 1 13246 | 3737 37371 | 1.22 | 0.296 | Insignificant
EEpﬂ“’fcm(m)*DEpﬂ“’f 1 |13787 |766 | 7.657 |0.25 | 0.628 | Isignificant
ut{mmy}
Dressing Depth(mm)*Dressing 1 | 46859 | 46859 | 468.593 | 1528 | 0.003 | Significant
Depth{mm)
Feed(m/min)*Depth of Cut(mm) 1 34558 | 34558 | 345582 | 1127 | 0.007 | Significant
Feed(m/min)*Dressing Depth(mm) | 1 5523 55.23 5523 18 0.209 | Insignificant

= :

ggigﬂfﬁlt[m) Dressing 1 (017 |017 |0.174 |0.01 | 0.941 | Insignificant
Residual Error 10 [ 306.7 306.7 30.67
Total 19 [ 215064

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

F, =357.53 + 14.48 X feed + 74.42 X depth of cut + 14.86 X dressing depth — 71.95
X (depth of cut)? — 74.05 X (dressing depth)?

Table 7. ANOVA table for normal force data acquired during wet grinding

Source DF | Seq 85 | Adj 55 | AdjMS F P Remarks
Regression 9 143613 | 143613 | 15957 7.65 0.002 | Significant
Feed(m/min) 1 2097 | 2097 2096.7 1 0.34 | Insignificant
Depth of Cut(mm) T | 55383 | 55383 | 553834 | 2654 | 0 Significant
Dressing Depth{mm) 1 2208 | 2208 2208.2 1.06 0.328 | Insignificant
Feed({m/min)*Feed(m/min) 1 27863 | 461 4612 022 0.648 | Insignificant
Depth of Cut{mm)*Depth of Cut{mm}) 1 31820 | 14236 | 142362 | 6.82 0.026 | Significant
gre“ngePﬂl{m)*Dre“mg 1 | 15079 | 15079 | 150794 | 7.23 | 0.023 | Significant

epth(mm)

Feed{m/min)*Depth of Cut(mm) 1 4109 | 4109 4108.7 1.97 0.191 | Insignificant
Feed(m/min)*Dressing Depth(mm) 1 5015 5015 5015 2.4 0.152 | Insignificant
Depth of Cut{mm)*Dressing Depth({mm) 1 38 38 38.3 0.02 0.895 | Insignificant
Residual Error 10 | 20868 | 20868 | 2086.8
Total 19 | 164481
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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.

R, = 0.641 + 0.06 X feed — 0.042 X depth of cut + 0.002 X dress depth
— 0.11(depth of cut)? + 0.09 x feed X depth of cut — 0.06 X feed
X dress depth + 0.05 X depth of cut X dress depth

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

Source DF | SegSS AdjSs AdjMS F P Remarks
Regression 9 | 0.215201 | 0.215201 | 0.023911 | 7.18 | 0.002 | Significant
Feed(m/min) 1 | 0.036361 | 0.036361 | 0.036361 | 1092 | 0.008 | Significant
Depth of Cut(mm) 1 | 0.018304 | 0.018404 | 0.018404 | 5.53 | 0.041 | Significant
Dressing Depth(mm) 1 | 0.000053 | 0.000053 | 0.000053 | 0.02 | 0.902 | Insignificant
Feed(m/min)*Feed(m/min) 1 | 0.001186 | 0.005063 | 0.005065 | 152 | 0.246 | Insignificant
Depth of Cut{mm)*Depth of 1 | 0.038019 | 0.037062 | 0.037062 | 11.13 | 0.008 | Significant
Cut{mm)
Dressing Depth{mm)*Dressing 1 | 0.000983 | 0.000983 | 0.000983 | 0.3 | 0.599 | Insignificant
Depth(mm)
Feed(m/min)*Depth of Cut(mm) 1 | 0.066795 | 0.066795 | 0.066795 | 20.07 | 0.001 | Significant
Feed(m/min)*Dressing Depthimm) | 1 0.032896 | 0.032896 | 0.032896 | 988 | 0.01 | Significant
ngm"fc“t(m)*Dmsmg 1 | 0.020503 | 0.020503 | 0.020503 | 6.16 | 0.032 | Significant
epth{mm}
Residual Error 10 | 0.033286 | 0.033286 | 0.003329 | 1.71 | 0.285 | Insignificant
Total 19 | 0.248487

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.

Surface Plot of Fx(N) vs Depth of Cut{mm), Feed{m/min) Surface Plot of Fx(N) vs Dressing Depth{mm), Feed(m/min)

Puln) 40

Figure §. Surface plots oftangential force in wet cutting
mode with various parameters.
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Surface Plot of Fz{N) vs Depth of Cut{mm), Feed(m/min) | Surface Plot of Fz(N) vs Dressing Depth(mm), Feed(m/min)

Feed{m/min)

Surface Plot of Fz{N) vs Dressing Depth(mm), Depth of Cut{mm) | Figure 9. Surface plots of normal force in wet mode
with various parameters.

3%
Fain)

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.

Surface Plot of Ra(microns) vs Depth of Cut{mm), Feed(m/mi| Surface Plot of Ra(microns) vs Dressing Depth{mm), Fmd[rl!n]

Faeel[m/'min)

Surface Plot of Ra{microns) vs Dressing Depth{mm), Depth of Cut{n Figure 10. Swface plots of Swrface roughness in
wet mode with varnous parameters.

Hald ikt
Faedmimn] 0

L}
Dreusing Depth{mn )

Gapeh of Gt men)

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

57



International Journal of Recent advances in Mechanical Engineering 1IJMECH) Vol.4, No.1, February 2015

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.

; Feed(m/m Depth of Dressing ; Feed(m/m Depth of Dressing
N '?:igh [11'%] [ Ulg'zqgs] [ Uls'zqss] Opt[l’mal %gh [ll'Du] [i'g] [11'%]
ir -1. -0. -0. ar -1, . -1.
0.80085 | gy -1.0 -1.0 -1.0 0.72810 | gyy -1.0 -1.0 -1.0
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Desirability \\\ Desirability
0.80985 0.72810
Fx(MN) F(N)
Minimum Minimum
y = 24,0810 y = 165190
d = 1.0000 » Q' d = 1.0000
Fz(MN) Fz(N)
Minimum Minimum |7
y = 144.8111 Eal y = 2741225
d = 0.60849 d = 0.46278
Ralmicro Ra(micro
Minimum Minimum
y = 0.1445 y = 0.2746
d=0.87289 |+ — — — — r—_—— — — — — 1 d = 0.83404
Figure 11. Optimised values of drv grinding Figure 12. Optimised values of 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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