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3.2. G-Ratio
This section presents the results for the G-Ratio obtained 

for all equivalent cut thickness and cooling-lubrication 
methods tested. By analyzing the data in Figure 9, it can 
be observed that the highest values for the G-Ratio were 
obtained with the optimized cooling-lubrication.

G-ratio is primarily associated to cutting forces and 
thermal dissipation on the wheel/workpiece contact zone. 
Thus, if cooling and lubrication are inefficient, cutting forces 
and wheel temperature tend to rise, causing a loss in the bond 
strength, as well as increasing wheel wear.

Results reveal that, for conventional cooling-lubrication, 
specific cut thickness exerts a considerable influence on 
wheel wear, when compared to optimized and MQL. 
Quantitatively, the increase in specific cut thickness 
(from heq1 up to heq3) has caused a reduction in G-ratio of 
approximately 26% for optimized cooling-lubrication, 56% 
for conventional (flood coolant) and 22% for MQL. These 
results can be compared to those obtained for tangential 
cutting forces, where it is possible to observe the same 
tendency, since MQL grinding has proven less sensitive to 
the increase of specific cut thickness.

3.3. Roundness errors
The results for roundness errors represent arithmetic 

averages of all three tests under the same conditions (i.e., 
cooling-lubrication method and equivalent cut thickness). 
Specimen numbers were assigned according to the order 
of each test, and roundness errors of specimens 1, 4, 7, 10 
and 13 were evaluated. The following figures present the 
comparative results between the three cooling-lubrication 
methods. Figures 10, 11 and 12 show the roundness error 
results for equivalent cut thicknesses heq1, heq2 and heq3, 
respectively.

As observed in Figure 10, it can be noted that the best 
results were obtained with the optimized cooling-lubrication 
method, followed by the conventional (flood coolant) 
method and then by MQL.

From Figure  11, it can be observed that there is an 
increase of the relative roundness errors for the workpieces 
ground using conventional cooling-lubrication and for heq2. 
This increase causes the roundness error values ​​for the 
conventional method to be closer to those obtained with 
MQL.

Figure 12 presents the most severe machining condition, 
i.e., equivalent cut thickness heq3. A larger increase in the 
roundness errors for MQL than for lower equivalent cut 
thicknesses can be noted.

By analyzing all the results for this variable, it can be 
concluded that optimized cooling-lubrication provided the 
best results for all equivalent cut thicknesses. It also appears 
that, despite the fact that MQL clearly features higher 
roundness errors, the results are not significantly different 
from those obtained with conventional cooling-lubrication. 
Also, no statistically significant differences between these 
two methods could be observed for heq2 (1 and 10) and heq3 
(10 and 13).

Roundness errors are associated to temperature increase 
during grinding. Thus, the presented results show that MQL 
possesses a lower cooling capacity among the cooling-

Figure 8. Grinding forces (normal force; Fn and tangential force; 
Ft) and table-feeding speed (vf) versus feeding depth for Al2O3 on 
different grinding methods14.

Figure 9. Results of the G-Ratio for all cooling-lubrication method 
tested.

Figure 10. Results of roundness errors for each cooling-lubrication 
method with heq1.
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lubrication conditions tested. The opposite is observed with 
conventional (flood coolant) cooling-lubrication. Since 
it uses a higher fluid flow, higher heat exchange occurs 
between wheel, workpiece and cutting fluid, reducing thus 
roundness errors.

It is also possible to notice a tendency in increasing 
roundness errors with specific cut thickness. This follows 
the behavior of previous results for tangential cutting 
forces and G-ratio, which are also associated to cooling-
lubrication capacity of the methods tested. However, the 
results associated to roundness errors can also relate to 
non-controlled parameters, such as defects in the workpieces 
and machine vibration, which tend to increase with specific 
cut thickness.

3.4. Surface roughness (Ra)
Figures 13, 14 and 15 present the obtained results for the 

average surface roughness (Ra) for each cooling-lubrication 
method and for each equivalent cut thickness tested.

By analyzing the results for the three equivalent 
cut thicknesses, similar trends to those in the roundness 
errors can be observed, where the surface roughness for 
conventional and optimized cooling-lubrication methods are 
always lower than those from MQL. This can be attributed to 
the greater efficiency in chip removal for those two methods. 
When considering MQL, however, grout formation (mixture 
of cutting fluid and machined chips) significantly affects 
the roughness values due to scratching of the workpiece 
instead of cutting.

Figure 11. Results of roundness errors for each cooling-lubrication 
method with heq2.

Figure 12. Results of roundness errors for each cooling-lubrication 
method with heq3.

Figure 13. Surface roughness results for each cooling-lubrication 
method and heq1.

Figure 14. Surface roughness results for each cooling-lubrication 
method and heq2.
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The evidence which gives consistency to the 
aforementioned grout formation during MQL grinding 
reveals itself when surface roughness results are analyzed 
along with the other variables, especially tangential cutting 
forces. It can be observed, thus, that tangential cutting forces 
for MQL, despite being not so sensitive with equivalent 
cut thickness, were always higher when compared to other 
cooling-lubrication methods.

It is possible to observe a tendency to increase the surface 
roughness with the equivalent cut thickness. This behavior 
is in accord with the theoretical assumptions, since a higher 
specific cut thickness implies in a more severe grinding 
condition, generation of more chips, and, consequently, 
higher surface roughness, as described theoretically and 
proved experimentally by Agarwal and Rao16.

3.5. Surface morphology analyzed with scanning 
electron microscopy (SEM)

In order to compare the cooling-lubrication and 
machining conditions, Figure 6 presents SEM images of 
non-ground workpieces used as standards.

From Figure 16, a microstructural homogeneity and a 
uniform distribution of grains with porosity, characteristic 
of a ceramic material, can be observed on the non-ground 
workpiece surface. The grains have well-defined boundaries 
and dimensions.

Figure 17 shows images obtained from samples that 
were ground using the conventional cooling-lubrication 
method with equivalent cut thicknesses heq1, heq2 and heq3.

It can be observed in Figure 17 (a) that fracture occurred 
uniformly across the sample surface, as the fragile mode of 
material removal is predominant for heq1. However, Figures 
17 (b) and (c) display two distinct regions: regions where 
fragile mode of material removal occurred and regions 
with grooves, which are characteristic of the ductile mode 
of material removal. Although the two regions are well 
characterized, the fractured areas are relatively larger, 
indicating that the fragile mode was also predominant for 
equivalent cut thicknesses heq2 and heq3.

Figure 15. Surface roughness results for each cooling-lubrication 
method and heq3.

Figure 16. Scanning electron microscopy on the surface of a non-
ground workpiece.

Figure 17. Scanning electron microscopy on the surface of the workpieces ground with conventional (flood coolant) method: (a) heq1, 
(b) heq2 and (c) heq3.
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Figure 18 shows images obtained for samples ground 
using the optimized cooling-lubrication method with 
equivalent cut thicknesses heq1, heq2 and heq3.

From Figure 18, it can be noted that the surfaces ground 
with the optimized cooling-lubrication technique have a 
similar morphology to those ground with the conventional 
(flood coolant) method, indicating that the fragile mode of 
material removal was also the predominant mode in this 
condition.

Figure 19 shows images obtained for samples ground 
using the MQL method with equivalent cut thicknesses heq1, 
heq2 and heq3 and 1000 times magnification.

Figure 19 shows that the surfaces of the workpieces 
ground with MQL exhibit morphology that is markedly 
different from those presented for conventional (flood 
coolant) and optimized cooling-lubrication methods, for all 
equivalent cut thicknesses tested. Grooves can be observed, 
caused mainly by loosen abrasive particles of the wheel, 
along essentially the entire length of the sample surface. 
Such grooves indicate that the predominant removal mode 
was ductile. The difference in the surface characteristics of 
MQL grinding may be explained by the differences between 
the lubrication capacity of the integral oil used in MQL and 

the emulsion that is used in conventional and optimized 
cooling-lubrication methods. This difference is due to 
the fact that water-based fluids are best heat conductors, 
despite having lower lubrication capacity. Oils, on the 
other hand, are less efficient in conducting heat, but have 
higher lubrication capacity. A similar fact was observed 
by Toenshoff  et  al.17, who compared the performance of 
integral oil and emulsions for the grinding of alumina, as 
illustrated in Figure 20.

3.6. Determination of residual stresses by X-ray 
diffraction

The determination of the interplanar distances of the 
orientation (146) as a function of sin2ψ for each condition 
is presented below. Figure  21 shows the results for the 
equivalent cut thickness heq1, heq2 and heq3. Figure 22 also 
presents the same analysis for a non-ground workpiece.

Figures 21 and 22 show that interplanar distance 
decreases linearly with increasing sin2ψ for all machining 
conditions, including the non-ground workpiece; this 
indicates that residual stress values ​​are negative. This fact 
denotes that residual stresses generated on the workpiece 
surface are compressive, i.e., the distance between the 

Figure 18. Scanning electron microscopy of the surface of the workpieces ground with the optimized cooling-lubrication method: (a) heq1, 
(b) heq2 and (c) heq3.

Figure 19. Scanning electron microscopy of the surface of the workpieces ground with the MQL method: (a) heq1, (b) heq2 and (c) heq3.
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crystal planes is smaller on the workpiece surface, gradually 
increasing normally to the ground surface, towards the 
bulk. In a macroscopic level, the increase of compressive 
residual stresses alters positively the mechanical properties 
of the material, reducing the susceptibility to nucleation and 

propagation of cracks in the layer just below the ground 
surface.

The residual stress values corresponding to the 
variations of the related interplanar distances obtained are 
shown in Figure 23.

Figure 20. Scanning electron microscopy comparing the ground alumina surface using mineral oil (left) and emulsion (right) as cutting 
fluid17.

Figure 21. Distance between orientation planes (146) as a function of sin2ψ for each cooling-lubrication method with equivalent cut 
thicknesses (a) heq1, (b) heq2 and (c) heq3.
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The results show a significant difference in the residual 
stress values of the workpieces ground with MQL, which 
is associated with the higher cutting force values and 
mainly with the material removal modes during grinding, 
as explained in the scanning electron microscopy section.

Quantitatively, for heq1, the resultant residual stress in 
MQL grinding is 23% higher than for conventional cooling-
lubrication and 41% higher than for optimized cooling-
lubrication. For heq2, the value for MQL is 30% higher than 
conventional cooling-lubrication, and 55% higher than for 
optimized method. As for heq3, the value for MQL is 50% 
higher than for conventional cooling-lubrication, and 76% 
higher than for optimized method.

It can be also noted in Figure 23 that the results obtained 
for conventional (flood coolant) and optimized cooling-
lubrication methods were very similar; the differences were 
not statistically significant for heq1 and heq3. It can also be 
observed that the non-ground workpieces also accumulated 
residual stresses and provided lower modulus. This residual 
stress may have been created during previous thermal and 

Figure 22. Distance between orientation planes (146) as a function 
of sin2ψ for a non-ground workpiece.

Figure 23. Residual stress values for each cooling-lubrication 
method and machining condition tested.

mechanical processing that the materials underwent before 
grinding.

4. Conclusions
The experimental tests can lead to the following 

conclusions:
•	 MQL grinding provided results for tangential 

cutting forces significantly higher when compared to 
conventional (flood coolant) and optimized cooling-
lubrication methods. Optimized method, on the 
other hand, provided the lowest results. However, 
the variation of cutting forces with the increase in 
equivalent cut thickness is less sensitive for MQL 
than for all the other methods tested;

•	 MQL caused higher wheel wear, reducing G-ratio 
values. This can be directly associated to higher 
cutting forces generated, as observed on the presented 
results. In contrast, optimized cooling-lubrication 
method presented the best results. It was also observed 
that increasing specific cut thickness also resulted in 
higher wheel wear;

•	 In some tests, despite the higher roundness errors 
observed for MQL technique, the results are 
not statistically different than for conventional 
(flood coolant) cooling-lubrication method. Again, 
optimized method proved the most efficient, 
considering this output variable;

•	 Optimized cooling-lubrication method generated 
lower surface roughness, while for MQL the highest 
values were observed. These results are compatible 
to tangential cutting forces, higher values must imply 
in higher surface roughness. For this variable, it can 
also be observed a tendency in increasing the specific 
cut thickness with surface roughness;

•	 Surface morphology analyses of the ground 
workpieces indicate that, for conventional (flood 
coolant) and optimized cooling-lubrication methods, 
the material removal mode was predominantly fragile, 
while ductile material removal mode occurred at 
times, when the specific cut thickness was increased. 
For MQL, however, ductile material removal mode 
is predominant;

•	 The workpieces ground using MQL presented higher 
compression residual stresses, which can be beneficial 
in terms of mechanical properties.

In summary, it can be concluded that grinding with the 
optimized cooling-lubrication method provides the best 
results in terms of the dimensional accuracy and morphology 
of the workpieces. MQL, however, provides the best results 
for residual stresses, since higher compressive stresses, 
without crack propagation, indicate higher mechanical 
strength. Besides, increasing the equivalent cut thickness 
also increases the process severity, causing more wheel wear 
and thus worsening the workpiece final quality.

The optimized cooling-lubrication technique can be 
used to improve grinding efficiency, which contributes 
to the reduction of the tangential cutting force, wheel 
wear and cutting fluid consumption, while providing 
better geometrical and dimensional finishing of the 
workpieces, in comparison to conventional (flood 
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coolant) cooling-lubrication method. Additionally, 
minimum quantity of lubrication (MQL) proved to 
be a viable alternative for conventional cooling-
lubrication when using low removal rate (or equivalent 
cut thickness). Also, particularly for conditions where 
tolerances may not be so strict, it can reduce the 
consumption of cutting fluids in more than 99,99%, in 
relation to conventional (flood coolant) and optimized 

cooling-lubrication methods, eliminating the costs of 
fluid disposal and maintenance.
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